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BRIEF

Encleosed in the following 1963~k annual report to the
National Aeronautics and Space Administration on the NsG-U83
program at Syracuse University is one complete doctoral
disaertation on the Surfuce Energy of Solid Silver (Part I) and
a portion of a master's thesis (Part 2). Sfince thesa tvwo werks
comprise the two major efforts for the past year at Syracuse
they are included in thei. entireity. The theoretical study and
experime~tal data from the surface energy diasertstion iz to be
presented to the open literature as a publication within the
following year. Upon completion of the mastsr's thesis, this

work will also be published.
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KBSTRACT 9\ C7 9 | %

A three dimensional stomic model of zolid surfaces is develrped
and the origins of surfece atress are explained. It is shown how
the strain energy in solid surfaces can be incorporated into the equie-
librium thermodynamic equations of surfaces. A relation between
gradients of surface quantitien 1s derived.

A new, direct oxperimental approach to the determination of
surface energy of atomically clean surfaces was d«veld>ped. The tech-
nique involives the evsporation im ultra=high vacuum of a sclid sample
to form a thin film of very large surface arza. The surface ar : is
measured by a physical adscorpiioa (Brunauer, Emmett, Teller) technique,
The surface energy is chtalned from measurements of the energiss of
svaporation and condensation and from the surfsce area determinationm.
The epergy of condensat.on was measured in an isothermal liquid nitrogen
calorimeter of new design. The technique applied to purs elemental
silver yielded a surface energy value of 3500 orsl/cmg at TT°K,
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I. IRTROIUCTION 1.

Surfaces of solild condensed phases have great importence in many
technologies and both the amount of research and the variety of mcdels
concerning surfaces are growing at an increasing rete, Often more in-
formation aboul. crystals can be obtained from experiments on surfaces
than from those desling with the btulk of the crystal., The role of
surface t,er:xssi:m!E in the overall field of surfaces and interfaces is of
paramount importrnce since it is a basic parwmeter of all surfaces,

To this date, no lov tempersiure experimental determinations of
the surface tension of atomically clean solid surfaces have been
published., Generally, measurements of surface tensiocn appearing in the
current literature involved interfaces of the type solid-poor vacuum,
inert gases, liquids, etc., Suirace tension measurements utilizing the
high temperature technique of field electron emission  did study stomie
cally clean surfaces. It w~uld be possivle to adapt scme of ths other
experimental techniques to ultra-high vacuum and, therseby, cobtain
measurements for clean surfaces, The difficulties which might arise in
such axperiments are also discussed,

This study introduces a ncw experimental approach to the determi=
nation of surface tensicns of solida and provides a critical survey of
the other technigues currently ia practice. An attempt is made to com=-
dense, unify, anc extend some of the curreni. and classical phenomenclo-
gical descriptions of surfaces emphasizing thermodynemi: and atomistic
coucepis rather than quantum mecharics. Since the experimental vork ine

volves the e0lid surface-vacuum interface, the scope of this study was

& See Section on Theory for definiticas
#%Cee Section on Other Experimental Techuniques
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Jimited in general tc only this interface or to those concepts which are
generally appiz-sbie.
The iow temperature technique developed herein is appiicable to a
nunder of 32iid elements and compouvnds wizth differing degrees of amena~
tility. The procedure .onsists of measuring the difference in the heats

9 hi 4 =
EThiss. CoLsIllsovsT

- ol siwn vm sm e d Al n emmt o dem s & =
AAVARTALE? D Ve WS WL 3 v WL Add WML LDV
uder cornditions in whick *the area of the sample is several megnitudes

smaller thea.. that of the -~ondensate The ~hange in arza is then de-~

termined by standard Brunaver, Fmmett, Teller (BET) technigues,
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The terminology used to describte surface paraneters is extrexealy
varied and cften difficult to zorrslate with other uses of the same terms,
In some cases 8 mistndersztanding of concepts and definitions has led to
confusion in the literature, This is particulsrly “rue of the terms,
surface tension (v}, surface free energy (Fs) aud surface stress (ruv).
Therefore, an attempt to comsolidate and wlucidate precise dafinitions
of terms and concepts will be giver here. The role played by point
defects and dislocations in surface studies is certainly important but,
siuce & good understaniing of the defect free surface iz required before
ettacking defect-surfece interactions, the theory iz generally limited
to simple defect free surfaces,
A, Gibbs' Surface
The concept of surface quantities given by Cibbs (1) defines
an excesy quantity due to the presence of an incerface between two
bulk quantities such as phases or magneitic or electric domains,
The bulk quantities are considered homogeneous througiout up to a
region called the surface., A dividing surface which is a mathe-

" matical and conceptual convenience, may be chosen in the surface
region somevhers between the two homogeneous bulk statse to pass
througn ali points having the same environment with respect to the
adjacent metter. Thus, the dividing surface is & surface having
no thickness which may separate the surface regione of two bulk
pbhuses, The location of the dividing surface is rather arbitrary
and coulid be chosen, for example, for a solid-gas ir“arface, as a
surface outsids the outermost layer of atoms in the s0lid in which

the electron density is equal and homogeneous throughcut,
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For uny extensive thermodynamic quaatity, X, (such as energy,

entropy, or volume of a system)
8 ¢
X=x, +% + (X +X) {1)

where X and X ere bulk quantities for homogeneous bulk regions a
end b extending through the volumes of regions & and b and through
the surfsace regions on the a and b zides up to the dividing interw
face, X: and. x; are the gurface excess quantitien which sre due to
the disturbed isyers nzar the interface and are just the

differeuce between the quantity, X, in the surface volume and the
humogenscvus quantities, xa end Xb, in the surface region, For flat
surfaces the surface region can be considered as a section of a
cylipder or prism and for curved surfaces, as a frustrum of a cone
or pyremid as shown in Figuras la and 1lb,

The beauty of Gibbs' definition lies in its simplicity and in
the concept of “ns surface it terms of excass extensive quantities
and of three dimensicns, KNonethecless. unambigucus definitions of
and distinctions between surface tension, °ree encrgy, stress, aud
atomic spacing require a more detalled examination of the syaten,

In the following, the normal ‘> the surface will, in geuwral,
be considered the |z| direction and & flat surface will lie in the
|xy| plane as suggested by Wood (2) in a discussion of surface
crystallography.

B. Surface Tension and Free Energy

Consider first a one component system initially at chemical

equilibriua and having no spplied fields, Then the surface

tension, vy, is defined (3) as an intensive quantity equal to the
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reversible work required to form a unit of new surface area from
material in the bulk state under the constralats of constant

»
temperature (T), volume (V), and chemical potential (u) :

aw
v (v, (2)

vhere W = reversible work done and A = area, Thermal, pressure,
and atomic reservoirs are needed to esnsure constant temperature,
volume, aud chemical potential since all three of these quantities
can change with respect to the bulk state during formation of new
surface., Under these conditions for a one component system,
surface tension and specific surface fres energy (an intensive

quantity) are equal:

y=G  =E -TS§_ +PV (3)

vhere G, Ez' Ss' P, and Vs are the specific surface Gibbs

free energy, internal energy, entropy, pressure and volume re-
spectively, These quantities represent differences between bulk
and surface states for a number of atoms per unit ares, The va
term of Equation (3) is normally neglected as it iz in Equation
(2) since volume is generally considered constant and aince, in
actuality, the volume change in bringing an atom from the bulk
stete into the surface is probably quite small, This pressure is
the ambient pressure above the surface and Frank (U4) arrived at an

2

order of magnitude value of the PV' term of about 10~ orgs/cm?

for atmospheric pressure. However, the pressure that an atom

%cf., the section on Irreversible Frocesses and Equilidbrium of Surfaces.
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moving toward the surface of a sclid is subjected to, includses the
internal pressura in the surface stress system vhich zay be cotie
sidersbly greater than atmospheric ond possibly of 2 d4ifferent
sign. For example, the disgonal coumponsnts of the sirens tensor
give the three possible internal pressures in the surface. The
pressure perpendicular to the surface is affected by the external
fluid pressure, Undser certain circumstances, e.g. vacuum, the
external pressure essrted on ‘he surfcce may ve affactually zero,
In lattice thermodynamics the stress and strain dus to internal
forces constitute the strain energy and appesr, therefore, in the
internal energy of Equation {(3). The uxternal pressure neaded ic
restore surface atoms to their bulk lattice positicns is given by
Kaplan {5) for a linear chain of atoms interacting by two-body
poten.’ ', For further discussion of this subject ses the
section, "Surface Stress and Aton'~ Spacing",

The varistion of surface temsion with crystallographic
orientation has been studied rather exhaustively (6) and, thare-
fore, further discussion, of this subject seemed unnecessay.,
Maximum varistions of surface tension with orientation of 10% to
15% ars ccmmonly reported,

With the above ideslized definition of v in mind, the termi~
nology used for surface quantities cln‘nov be clarified, Gibbds |
(1;p. 315), Herring (7; p. 8) and Mullius (3; p. 18) point out
some of the ambiguities in ths use of the term "surface tensi.a®
vhich is a scaler energy quan:ity in units of orcnicn?. Surface

tension is not a vector or a stress temsor quantity. Surface
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stress is representad by a second rank tensor and is given in units
of dynes/cm, Under certain circumstances, the surface otress can
equal surface tension as pointed out later in the section "Surface
Strese and Atomic Spacing®, Specific surface free energy, G., is
an energy per unit area term as is y bud can equal y anly under
certain special conditions as stipulated below, Thus, for the
general case, vy is neither a free snergy nor a stress but under
certain conditicns can be equal in every way to the specific
surface free energy and can be equal in magnitude to the surface
stress, dbut not in wnits or in meaning.

Since E, and 5 of Equation (3) rapresent differences in
energy and entropy upon changing atome from the homogenecus bulk
state o the surface =tate as in an ideal cleavage (following the
constraints stipulated in the definition of y), the effect of
preferential concentration of certain atomic species on the surface
of compound crystals must also be accounted. If sn ideal clesvrge
is performed on a compound crystal and, subssquentily, atomic mie
gration allowed to occur such the? equilibriuc ir the systenm is
attained, the atomic concentraticns of surface atoms may be quite

iiferent from concentrations in the bulk due to the lowering of
surface tension (1). Thus, in compound crystals snd iu crystals
with adszorbed atoms or molecules:

s
1 ()

Y-En'ms'g”i

vhere ¥y is the chemical potentisl of the 1“ adsorbed species ou

the crystal and I:/A are tis changes from bulk concentration of
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molecules on the surface,

If there is an adsorbed layer on the original sample, Lafors
foruing the new surface ares, the compositica or electronic state
of the gurface may ¢differ considerably from that of the bulk, That
is, s chemical potential gradient or other gradieat may exist
between surface and burk states such that thers is a quesi-
equilibrium situution‘. If the surface tension ¢f the original
sanple is desired, the state of the nevly formed surface must be
identical to that of the original. Thus, reservoirs of atoms,
electiric fields, magnetic fields, etc. are necessary in ths
gensral case tO ensure that chemical, electric, meagnetic, and other
potentizls are identical in the nevly formed surface., In a quasi~-
equilibrium situetion the potential gradients perpsndicular to the
dividing surfece must, therefors, remain constant throughout the
sxperimant,. Also, potential gradients parallel to the dividing
surface must vanish for our dsfiniticn of surface tension to hold,
In addition to potertiaml reservoirs, thermal and mess reservoirs
are required to ensure constant temperature and volume, doth of
vhich meay change slightly upon formation of new surface,

C. Surface Stress and Atomic Spacing

Burface Lension, y, vas definsd as the work required to form
unit srea of new surface under certain constraints vhils surfuce
stress is defined by the work req.ired to deform a surface
perallel to the surface, Surface stress might be defined, at &

particular point, more precisely, a3 the diffarence in siress

*See section on Irreversible Processes and Equilibrium of Surfaces.
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states between a point in the surface phase relative to a point in
a standarl state of zero stress in the bLulk phase, For small
deformaticns Hooke's lav may be assumed such that stress is a
linear function of strain; btut for I;rge deformations non-linear
terms should be included (8), If the atama in surface layers do
not reside on the bulk lattice sites the surface stress would be
equal to that applied stress necessary to removs the surface
strain, e.,i., to reztore the surface atoms to their bulk lattice
nositions, It is important to realize that a surface stress will
exist for a system in complete equilibrium having no external
applied forces., The surface strain which we are considering here,
is not plastic In nature, e.g. a layer of diaslocations and, in
addition, does not follow some of the usual concepts of slastic
strain, In the fully annealed equilibrium state with no applied
forces, a stress and strain will still exist,

Pregentations of surface stress as a two dimensional
quantity have been given by Herring {T7,9), Shuttleworth (10), and
Mullins (3). The spacings of surface atoms considering ce:tain
types of atomic interaction potentials have been studied by
Lennard-Jones and Dent (11} and Kaplan (5). Since the many~body
problem is a highly complex mathematical mcdel and quite difdicuit
to interpret, a consideration cf the spaciug of surface atoms in
terms of two-body interaction potentials will provide som: insight
to the problem even though there are many inherent limitations to
this technique.

ronsider s crystal with nc external or internal stress to be
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an infinite lattice at equilibrium and homogeneous throughout, The
introduction of a surface t¢ this system will result in displace-
ments of the at-ms in and near the surfece, The reasons ace as
follows: the removal of atoms constituting neighbors to the
surfacc atoms and, consequently, their interaction potentials above
the newly formed rurface layers and, secondly, the modification of
interaction potentials of the stoms within the surface layer. The
stress corresponding to the (isplacement of atoms in and near the
surface is the sarface stress sna may act both parallel snd/or per-
pendicular to the surface and msy include shears, In terms of
bond strengths and electro. densities, the electroms in the broken
bonds at a surfece may increase the electron density in adjacent
bonds *n the surface layer, if such electron states are availabtle.

Since lattice strain energy csn be formulated in terms of
twvo-body potentials for many types of atomic buading (12), we can
consider the f~ilowing equation in which the repulsive exponent,
m, and atiractive exponent, n, may vary with the type of bonding

considered {e.g, iuzic, wetallic, covaleat, etc.).

) = (5)

»

~n ip
Nﬂ ‘o‘

This equation gives the potential energy of intersctiom, ¢(r),
between two atoms at e distance, r, and gives th- squilibrium diae
.2
tomic molecule spacing, r,, at 2 . 0 and e, N, We are
2 ar dr2
interested in the location of the nearest reighbor (KN) ans next-
nearest neighbor (nF¥) otomic spacings in the bulk lattice snd in

surface layers on this potential curve, as shown in Figure 7,



Y

s(r)
+ #(r.\

23

|
\

———nt weme e e d DY

—— e Am emeem m— ———w oaaaad

Figure 2 - A typical two-body potential curve,k :(r), and its
repulsive (&/r") and attractive (~b/r") componeunts
showing the locations of equiiibrium spacings in
the diatomec molecule (r,), and nearest neighbor (a)

and next nearest neighbor (2a) distances well within

a linear chain.
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Lattice summatiors of eny reasonable type of potential curve re-
sembling that shown iu Figure 2 siiow that the NN distance in a
lettice is smaller wnen the atomic spacing in a diatomic neclecule.
This is obvicus from considerstion of Figure 3. If only RN o°nAd
oNK interactions are considered here, the effect of adding a thir
atom to a diatomic molecule 13 to asxe the interetoz.c spacing
smaller duz to the positive slope nf the nNN potential of the third
atem such as stom C in Pigurs 3. In the triatcmic molecule, the
potential of each atom is the sum of two interaction potentials as
shown in Figure 3. Toe sum of the two-boly potentiels gives s
triavonic molecule spacing, r3 < Ty Ir many lattices only NN and
nNN ‘uteractions are important and, hence, the analogy between the
lattice interections end the triatomic molecule is obvious. How-
ever, the same argument holds for more distant neighbor inter-
actions, We have assumed here for simplicity that the two<body
interaction potential curve Aoes not change as more &nd more atoms
are added to the diatomic molecule. However, this ia obviously
not true and = kncwleage of & two-body potential within the matrix
oif a lattice or for an adsorbed atom co & surface would be much
more useful.

In terms of two=body potentials Kaplan (5} demonstrated that
th2 atomg at the ends of a linear chain are spaced very slightly
farther apsrt than atoms in the bulk, This was sccomplished using
& new method accounting for the egquilibrium pressure in a lattice.
In the Born and Huang (13) formelism of lattice dynamics a re-

lation for the pressure in lattice equilibrium is missing siace, a%
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Figure 3 « The sum of two-bedy potentials for a linear chain of three
atoms initially spaced at the diatomic molecule distance,

r The new equilibrium spacing; r3, is less than r_ . The

27 2
light lines represent the four two-body potentisl curves

end the heavy lines are the sums cf these.
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the equilibrium position in its potential well, an atom has nc
force acting on 1% as (%%?raa = 0 for a potential well exhibiting

a8 minimum at the equilibrium lattize spacing. This difficulty

a
vas surmounted by using a potential where (£

0 as for a
dr'r=a #

diatomic molecule potential for a linear chein. Kaplan expands

the two-body potentials for NN m(xn - xn .) and nNN .p(x.n - X )

N2’

assuming small deformations so that & sexies expansion 18 valid:

A
. %
! - \ —— | -
l‘xn thl’ *2 ‘xi xnal)

n
—~
(2N
———

olX - X ) = ¢{al +K

A o

, . 2 _
e = \ - t aucwe =
¢(X X 2) ¢(23, + KOKX. X o + 5 (X X 2’

-~
-3
o g

. ’
where Xn is the pasition of the 2™ atom (Xn = nn + xu); e ig the

lattice spacing well removed from a surface, X is the displace~

ment from the bulk lattice position of the nth atom, and the force

constants Kl and K, are the first devivatives of the twos=body

potential curve at the NN and nNN distances respectively and Al

and A, are the second derivatives K. £ ¢ ‘a' K. © ¢ ‘&ad
2 % <72
*

A 24 (s), A ® o (za).

*

These force constants can be obtained from diatomic molecule
potential curves. If they are assumed constant even for surface
atomg, the displacement of atoms in a finite linear chain with no

applied torces was derived by Kaplan as:

‘I

(K. + X
J._“g_-’ ) 7 \n‘l . 4

Xn S Xﬂal 2 ‘ Al ilA‘?/Alr \8,0

The important aspect of this equation 1s that it shows that the
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dlsplacenents of atoms from their equilibrium bulk values fall off

extremely rapidly with distance from the surface, For instance,

!Kl + K,
if we use reclistic values fcu. i T

i 1
for short range potentials, then the first, second; and third

3

z 0.le and |A2/A1!= 0,01

atoms in the linear cLain are displaced by O.la, 10 “a and 1078

respectively from their bulk lattice sites, The obvious shortie
coming of Equation (8) for crystals with strong bonding is that
the force constante of surface atoms were agsumed identical to

those for bulk atoms. Even with this correction, the displace-

n
AG/A,! vhich is very

4

ments within the chain approaches zero as
rapid for short range potentials. For long range Coulombic
potentials, important in ionic cyrstals, the extent of satom dig-
placement is much deejer into the lattice (1li)., However, for
metals it is expected that the displecemenis of surface atoms
wvould be large enough to be observed only for the firgt atomac
layer. The difficulity in detzrmining the spacing of even the first
+ayer of atoms is apparent from the confiicting reports of MacRae
and Germer (15) and Faruswortu (16) utilizing low energy electron
diffraction experiments,

Some simple examples will help to clerify the origin of
surface stress and o the siress in layers immediavely beneath the
surfece. Figure U shows a linear chain in which the first and
second atoms of the chain have larger radii than the internal
atoms, Flgure 5 shows this situation for a two dimeusional
lattice in which the compression of the first two rows of surface

atoms is obvious. Figure 6 Qortrays the tuo-fold origin of the
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Surface Bulk -+
Larger radii surtace atoms

=i

+

) '

Figurs U - The potential energies of the surface and bulk atoms are

shown for NN and nNN interactions in a linear chain when
E = 0 at infinite separation of atoms. The excess internal

energy of the surfacs, Es, is AE .. + 2AE us the strain

Nii any Pt
energy (see pp. 38 ard 39).
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Figure & -« Two dimensional lattice of a finite crystal showing
displacements of suriace atoms due to compression in
first two rows resulting in tension in deeper rows
assuming NN and nNN interactions. The forces in the
first two layers are due to the missing interaction
potentials angd increased repulsjon modifications of
the force constants in the first two rows, Compare
this with Figure 6d.
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a) D O O b) Atom 1 (middle
C) C) atom of sicde

cut d 6
L

o o o

Compression f\’ i

Rigid < ‘

{ (‘. "\ ("
~ - L]

K 160,.,1.,.,1@;1*'- |
® ’ “

Figure 6 - Three effects 71 spacing of surface atoms in & section of a

finite two dirensional crystel assuming NN and nNy interw

actior . a) Far from crystal sides showing location of cut

to make surface shown inm b), ¢) and d); b) Displacements of
surface atoms due to the effect of the missing two-body inter-
aciion potentials abova the surface; ¢) Displacemunts of b)
plus thoce due to the effect of & modification of the two-
body interaction potential for surface atoms giving larger
g.cractions in the surface; d) Displacements of rows deeper
than the first two due to stresses in the first (wo rows. In

b} and c¢) the deeper rows were assumed rigid.



20,
displacements of atoms in the immedieste surface layers resulting in
& net tension and of the displacements of deeper atoms caused by
movement of the surface laysrs. Simultaneous reference tc Figures
L6 will eid in the explsnation presented here, For most latt:.ces
other than ionic, NN and nNN interactions are sufficient ﬁg
account for observable effects in atom spacing. For simplicity of
portrayal, therefore, the effect of rissing atoms above a surface
is assumed to be "felt" only by atoms in the first and second
layers. Eowever, displacements of atoms in the first two lsyers
due to forces upon them will cause movement of atoms in lower
layers end this is portrayed ip rigure S5 and Figure 6d, The forces
on the first two layers are of two tymes mentioned above, Firstly,
the effect ¢ missing interaction joteniials above a surface is to

cause displacements in only the 2z direction I'or a lattice in which

every atcm is a center of symmetry, Referring to Figure 6a, the
forces in the (xy) plane exerted on atom 1 by atoms 2 and & cancel
each other so that removal of the NN aloms 2 and 4 and the nNN atom
3 can result in a force only in the (z) direction on atom 1,

(This would not hold true, however, if each atom were not a center
of symmetry), The result is a compressive force acting between
the surface layers and a rigid bulk as dspicted in Figure 6b., The
surface layers are restrained by the bulk from expunding outwards
as far as they would like to go and this effect actually causes s
tension between atoms below the first two layers, The second
effect on atoms in the immediate surface layers is the variation

of the interacticn potentials Letween atoms in the surface from
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potentials in the bulk, This may be due to exchange imteractions
as a result of relaxation of broken surface bonds and results in
alteration of electron densities within bonds in the surface layers
and consequent changes in force constants., This can ocbvicusly re-
sult in forces within the (xy) plaue as well as in the (z)
direction as portrsyed for temsion in Figure 6c, IDisplacements of
atoms in the first two layers due to the two effects meationed are
restrained vy atoms in deeper layers. Consider a thin sheet two
atoms thick having a larger atomic specing in the (xy) plane thanm
in the bulk, If this sheet is attached epitaxially to & bulk
lattice substrate having bulk lattice atomic spacings, then the
thin sheet will be in compressicn in the (xy) plane and the first
Yew layers of the bulk will be in tension. This iz the situation
shown in Figures 5 and 64 for the third and deeper layers. It is
interesnting to note that displacements in the {xy) plane will be
negligibie because of the restraining force of the bulk for & semi-
infinite crystal or fo. a large crystal face; and, measureadle
atomic strains in the (xy} plane are not expected except for the
very smallest crystallites. This has been observed for Ki by
MacRae and Germer (15). The (z) dirsction spacing of the first
isyer of {111) and (110) planes was found tc be sbout 5% greater
than bulk spacings (15), Farmsworth (16) has indicated, however,
that these results may be in error and that surface layer spacing
may be identical to bulk layer spacing. In Ge, Si, and diamomnd
(17,18,19) the surfa:» strain is inhomogeneocus and consists of

vertical displacemerts of a fraction of the surface atoms which has
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been explained by Haneman (20). Surface stresses can be increased
tremendously by such things as concentration gradients of impuri-
ties, point defects, and dislocations and by large curvatures.
allhough the stress in flat, perfect, atomicaliiy clean
metallic surfaces msy be small, the subject of surface stress is
important.

frocm the sbove discussion it is obvious that a three dimen-~
sional stress tensor is needed for surface atoms, Assuming
continuum linear elasticity theory and following the notation of

-

+ >
Sokolnikoff (21) we can write the stress vectors T s T& and T,

acting the x, y, auiid 2 planes at a point in terms of components:

yx vv 7% Tyz (9)

z zx zy 22
b 4 -
vhere i, J, and k are unit vectors along the axis and Tid are the
components of the stress temsor. The sjituation is portrayed
-

graphically in Figure Ta. Note that the stress vectors, T, 6, have
units of force/area but that the relations in Equation {9) can
apply at a point. Using the Einctein sumsation convention

Equation (9) can be writ'en:

1% Tiy Yy (10)

-+ > =

wvhere q, = i, J, k. Applying the equiliprium conditicns the stress
(H]

tensor becomes symmetric and 1,, = 1 N reducing the n'mber of

v
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ponents portraying the usual 3~D stress tensor Tide

b) Two dimensional stress vectors, T , and tensor, T,
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¢) Rotation couple in Equation (12) which must vanish for
equilibrium (see Sckolnikoff, p. 5).

23,

a, Forece vectors fi acting on x, ¥, 2z plaucs and broken intc come
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i{ndependent components from nine to six, The planar twc dimen-
sional gtress vectcrs acting orn line elemeuts can be written for

planes perpendicular to z:

(11)

and is porirayed in Figure 7Tb, The surface stress tensor; sij‘ of
Eerring (7,9) reduces to the sbove when the equilibrium cconditions
are applied. Because of possicle misconceptions this will be
clarified. Herring considered that forces could act in all three
directions on line elements x and y in a surface perpendicular to
z. Thus, his stiress tenmsor for the surface, gij' allows i = x, y,
z and J = x, y, and the stresses on unit line elements can be

written:

The compunents g . sud 8oy acting or 11 (xy) plane :<ould
just as well be inciudel in 8, x and gyy respactively and, therefore,
wauld be redundanmt., Also, if the ~naponents of gij are considered
ag acting on & thres 3dimensional bogy, then 8,y and Szy would have
t0 vanish in order to satisfy the equilibrium conditicns as

poitrayed in Figure Tc, utherwise, a rotational couple would
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exist which could accelerate the body. The peint of the above dis-
cussicn is that, to avold confusioa ir surface stregs, it appears
best to utilize ordinary three dimensicnsl elasticity theory:

Following the notetion and argument of Herring (9) we can
briefly relate the stress tenzor, Tu»’ to the surface tensicn, v.
¥e ehall now use the three dimensicnal form of the stress tensor
and arrive at an expression similar to that given vy derring for
the relation between surface stress and tennion. Consider the
stress vectors of Equation (9) applied to & surface of a homo=
geneous body as a surface traction ss ehown in #Flgure 8 for an
arbitrary direction. The surface stress acts through some deptn,
h, as shown in Figures 5 and 6; and, if an average over h is taken,
houogeneous stress cen be assumed. The surface tracticn is
counterbalanced by body for-ces, which extend %o some depth, d. A4an

equation of equilibriumr is then:

zah z=g
- T {
?fu = /oL q - ST g dz (13)

where q, are the three components cf a unit vector, a, uorral to
the x, y, and z faces, and puv are the ccmpcnents of a bulk stress
tensor, The bulk und surface stress tengors are assumeu hoRo-
genecus throughout their respective depths and, therefore,

Equation (13) can be integrated to yieid:

.-E
L ru q, h P, 4 d {14)
or

Tuv h = « puv d

noting that the coefficients of q, must vanish separately, HNow we

P
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l e Surface traction
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Figure 8 - Regicn of a crystal near a free surface showing a
surfac2 traction and the depths of surface stress, h,

and counterbalancing body stresses, d.
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can consider the changes in bulk and surface fiee energy due to the
epplication of an arditrary strain. If the strain tensor is

1
a b

L u for
2 pev Tuv v

denoted by uuv’ the strain energy is given by
the bulk stress per unit volume and we can write for any virtual

deformation:

%2 I p u == An L S (15)
2 Mev tuv v 2 uyv uv v

using Egustion {14), This i3 the strain energy due to homogeneous
virtual deformations,

In order to cor®orm with a three dimensional stress tamsor,
we can also define a three dimensional surface tension, v, in uunits
of ergs/cc. With this defirition the surface free energy is vAh

anc the change in surfare free energy wiih strain isz:

uzv aauAh u v = A Zv 33 u v +vh zv BiA u v ML zv azh “uv
¢ uv u Yy LV u Yy uv u ¥y uv

(16)
Now the changes in scalar and strain free energy with strain sre

equal and using Equations (15) and (16) we can write:

PN ¢ = Y 3A u  + yA I . u
HyV BV Tuv W,V du v U,V auuv uv BV auuv v

(17)

ory, noting that the coefficients of each Y in the sum must vanish

separately:
VX 2 A, 2y dh
Tuv =2 i * A au * h n (18)
Ny ny MUV

Equation (18) gives us a relsticn beiween the scalar three dimen-

sional surface tension, vy, and the three dimensional stress tensor,
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ruvo Both of these quantities will vary with distance perpendicu=-
lar to the surface and both are excess quantities to a depth h,

In very small KCl crystals Walton (22) has shown that the:
surface energy, vy, can be more than one and one half times the
surface energy of a semi~infinite crystal using a lattice sums
technique. This is due to the fact that the ionic digsplacements
of many of the ions in very small crystals are quite large because
of their proximity to corners (see Figures 5 and 6)., This provides
a very graphic example of the inter-relation between surface
energy and surface strain (and stress) as well as the importance of
a three dirmensional picture of the surface,

Do Effects of Adsorbed Laygrs

The effects of adsorbed layers on solids and of solid
surfaces on two dimensional equations of state of the adsorbed
films have received much experimental and theoretical attention in
the last 30 years, Only recently, however, has there been direct
experimental evidence concerning adsorpticn of less than a monc-
layer on clean surfaces. From this evidence a true picture of
real surfaces is being developed. In this secticn the Gibbs® ad-
sorption equation is discussed and the statis cf development of
adsorption isotherm equations is reviewed, The effects of an
atomic model of a dynamically varying surface on adsorption are
also discussed.

Sorption in general includes both ab~ and adsorption; the
former defines solution of foreign atoms within the bulk lattice
and the latter concerns those atoms limited to a layer on the

surface, It is important to realize thal meny sorbed species are
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soluble in the substrate material and diffuse intoc it - the solu-
bility depending on chemical affinity, temperature, pressure,
entropy considerations, etc. (cf. 23)., The simplified picture of
uniferm homogeneous adsorption is evidently far from reality in
most cases as exemplified by low energy electron diffraction
studies showing adsorption of oxygen on alternating rows of surface
cicke> atoms and consequent raising of rows cf metal atoms (2b) and
by fleld electron emission studies of inert gases adsorbed on re-
fractory metsals which show nucleated clusters of adsorbed atoms on
high index crystal faces of the emitter tips (25,26).

The universal decrease of surface tension of a pure solid
(or liquid) phase due to adsorption of foreigr gas atoms on the

surface is exemplified by the Gibbs adsorption equatiom (1,27):

LI S yir) = kT /P r(p) d tn p (19)

vhere Yo is the surfece tension of the atomically clean solid and
vy is the surface tersion after adsorption and equilibration of gas
at pressure, p. TI(p) is surface concentration expressed as number
of alsorbed molecules per unit ares, N/A, T(p) may alsc be ex-
pressed by P(a) - %-- %— {28) where o is the area per molecule at
fructionsl surface ccve:age9 6, and 7, is the liadting &area per
molecule &t complete monolayer coverage. For Equation (i9) to
apply to & system the following must be true or assumed:

1} equilibrium betwesn adscrbed molecules and gas molecules
2) constant temperature

3) the chemical potentials of the gas and adsorbed
molocules are equsal

k) the gas is ideal so that u(gas) = u(sdsorbed molecules) =
RTd #n p
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It is questionakhle that all of these constraints can be satisfied
in many sdsorption experiments. Assuming that they can be, how-
ever, the adsorption isotherm obtainsd experimentally and relating
the surface coverage, 6, to pressure, p, can he integreated
graphically to obtain values for n at various pressures, Olivier
and Ross (28) have done this for argon adsorption on carbon black
at 90.1°%K and ccmpared the result with those obtained using 1s0-
therm equatiocns such as the Langmuir and Volmer equations., The
important thing to note here is that the Gibos equation prcvides a
good test for various theoreticsl isotherm equations since, if the
listed assumptions hold, the Cibbs eyuation can be evaluated
accursately by graphical snalysis ar’ %nzs compared with the results
obtained using theoretical i:ntherms., As an example, substitution
of the Erunauer, Emmett, " :ler (29) isotherm into the Gibbs
equatior gives an irfini value for n at the saturated gas
pressure as discussed by Hiil {I27%, status of development of
isotherm equations leaves much to ve desired in thelir applica-

+1ity to the Gibbs adsorption equation.

The generallized Gibbs equation (1)

L z
dy = »ssd'r i ry du, (20)

is applicable to any interface between phases at equilibrium and
must, therefore, be aprlicable tc ion-ideal gases, tu both
physical and chemical adsorption and to all possible interfaces
between condensed phasas and between a condensed and geseous phase.
In the case of strcng chemisorption on clean metal surfaces it

would szem dirficult to obtain p-6 adsorption isotherms at
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coverages of less than & monolayer since almost every atom
striking the clean surface would be expected to stick. However,
both adsorption and desorption of gas atoms is thought to involve
a multiple phonon interaction co trat, even at fairly low tempera-

tures, deccrption of strongly bound atoms is possible as suggested

the effects of less than a monolayer of chemiszorbed molecuies on
the surface tension of initially clean surfaces in order to
evaluate the Gibbs adsorption equation.

The general process of adsorption has been described by
Ehrlich (25) and by Hirth and Pound (30) and is summarized briefly
here., The attraction of an incoming molecule by a surfacs depends
on the potertial energy well at the surface and on the polarize
bilities of both the surface and inccming atom. The <“rsction and
speed (temperature) of the incoming molsecule affect sticking
probability such that, tor a perfectly flet surface, molecules of
certain energies and angles of incidence may be speculgrly re-
flected or adsorbed., The energy of the jincident molecule musi be
dissipated by the lattice; otherwise, elasti: reflection will
occur, The molecule may or may not be dissociasted at some stage in
the adsorption processz. The energy is dissipated by molecular dis-
sociation and production of a single or multiple phonons depending
on the gas molecules' energy and on the phonon energies available
in the lattice. After an atom is adsorbed, it may remain in an
excited vibrational state within its potential well and continue
to dissipate phonons until squilibrated ‘hermally with the lattice

or it may diffuse, which is the more likely possibility if the
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potentiul energy well is not too deep. If adsorption occurs
initially on 8 flat surface, subsequent surface diffusicn Lo more
stable corner or ledge sites will increase the probability of the
atom’s sticking. Otherwise, re-evaporation may occur aue to inter-
action with one or more lattice phonons before a more stable site
is reached. The stebility and, heace, heat of adsorption of an
atom on & surface depends on both vertical (gas atecm - surface)
interactions and on horizontal (gas atom ~ gas atom) interactioms.
Because of the horizontal intersctions and the higher stability omn
rough surfaces, nucleation and growth processes of clusters of
adsorbed atoms are important., Moazed and Pound (31) and Duell
and Moss (32) have observed the nucleation and growth of silver
crystallites on tungsten field emitter tips and noted preferential
growth on high index {rough) lattice planes, The fact that thin
films depcsited from the vapor onto low temperature substrates
have very high surface areas (33) may be explained for poly-
crystalline substrates on the hasis of the nucleation and growth
of very small crystallites and their inability to coaleece due to
lov surface diffusion at low temperstures (see Swaine and Plumb
(34). The above description is important in the understandiug of
the thin silver films produced in this study for the determination
of surface tension,

Since the surface tension is decreased by adsorbed layers,
it is important to know the status of the initial surface such as
its temperature, ratio of ledge to flat surlace sites, surface
defect concentraiion, state of strain, etc, in order t» assess the

anount of decrease in surface energy for each effect, This has
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rnot been done for atoms adsorbed on silver and only a very rough
estimate con be obtained. Allen (35) he4 reported an approximate
heat of adsorption of oxygen on silver of 10,5 kcal per gram=-atom
showing that silver is & relatively inert metal since this adsorp.-
tion energy is close to the range rsually designeted for physical
adsorption (less than 10 kcal per gram~atom), This is larger than
the heat of formation of Ag20 (6.7 kcal/gm atom} a«nd, thus, follows
the general observation that heats c¢f adsorption are larger than
heats of formation of the compound (36), This is evidently dus to
the fact that the surface is in a highly reactive state such that
its energy can be reduced more than the bulk by chemical reaction,

The existence of elecirically charged surface layers shoulAd
be mentioned since the dipole or double layer of a clean surisce is
modified by adsorbed lsyers., The existence of surface dipoles on
clean surfaces is due to two effects as explained by Herring (37).
In the first place, the clectron density may tend to "spill out®
into the surrounding vacuum snd secondly, the electrons in a
surface may tend to fil) in the valleys between gturface ions thus
leaving protruding positive ions with negative valleys betw:en
them (with respect to *the bulk lattice). In the adsorption ol an
atcm on the surface; dispersion forces are :lways act!ve and *end
to redistribute the electronic charge, even for inert atoms, dues to
the Hsllmann-Feynman theorem (38,39), Very large changes in work
function have been observed (see Enrlich (25)) for adsorpiion of
inert gases on tungsten thus indicating substantial changes in
electron density distributicn wnich has normally beea unexpected

for physical alsorption, In chemical adsorption, om the other
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hand, it has long been known that the electron density tends to con~
centrate in the adsorbed stom or in the surface thus forming 4'=

poles with the negative or positive side, respectively, outward
(ko).
E, Irreversible Processes and Equilibrium of Surfaces

An interface region between two homogeneous bulk phases
constitutes an inhomogeneous layer even when complete equilibrium
exists, When ¢ non-equilibrium status exists, as {¢ commonplace in
surface siudies, irreversible rlows must occur te attain equilibri-
um. In this section thc status of svrfaces at equilibrium !s cone
sidered as well as the flows involved in irreversible processes,

A typical exsmple of a non~equilibrium situation is the case of an
8 orbed surface layer. Irreversible diffusicn of the adsorbded
atoms into the substrate can take place if the temperature is
sufficiently high. This irward diffusion will continue until
equilibrium is atteined; i.2, until the bulk concentration is
homogeneous and until the uystem energy is at a ninimum with re-
spect to any virtual change of system variabies betwzen the
surface and bulk states at onstant temperature. The important
variables to be considered nere are the gradiants of the intensive
quantities such as concentration, stress, temperatire, electro-
chemical potential, and the densities of energy and entropy.

It is important to realize that ell of the above gradients
except that of temperature may exist at complete thermal equi-
librium between surface and bulk phases, Cahn and Hillfard (k1)
and Hart (42) have analysed the tharmodynamics of inhomogeneous

sysiems emphasizing surface considerations, The conditions for



35.
equilibrium obtained by Hert siow how the chemical potent.als,
concentrations, first and second derivatives of concentraticn and
the pressurc depend on 2ach other and how they vary with position
in a systexz Lavipg stipulated boundary conditicns., Their analysis

can include all possible internal and experimental variables for

magnetlic fields, They conesidsred the situation, therefore, when
the stress tensor reduced to hydrostutic pressure at equilibrium
and did not include electromagnetic potentisls, It would be
interesting to extend their arzuments for anisotropic sclids at
temperatures where diffusicn could not relieve The nco-hydrostatic
stresses in reasonable lengths of time and to include the effects
of electric and magnetic fields,

If u state of quasi~equilibrium for solids aad viscous
fivids can he defined for tempere.ures whare aitcnic diffusion is
negligible, then the system variables other than ccucentration e d
concentration derivatives can attain eguilibrium with respect to
each other and the boundary conditions {i.e. tempereture, total
wasses, and state of strain), In this case, the equilibrium
thermodynamics c¢f inhomogeneous systems can be appliond keeping in
mini that irreversible flows of matter will occur if the tamperes-
ture i3 raised sufficiently high,

The scope of irreversible thermodynamics concentrates on
flows or currents due to forces or affinities and their inter-
dependence and, therefore, the conditinns at a point within the
system can be desc~ibed by the steady stete or time depandant

forme isms depending on the boundary conditionc. As an example,
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the irreversible nmechanieme operative in the condensation of a thin

file frem the vagnr :mvc a surface containing planar; leige, and

»

cornzr sites see the preceeding section! .ovld include netv atomic

fluxes towurd ledge und corner sites because of thel:r greate-
stability, heat flow away f{rom the surface, currest flow if icas
ere deposited; and the establishment cof charge and stress gradients

due to *he concentration gradient set up by the deposited layer,

[

f therrmal equilibrium iz subseguently ezticlished such that
evaporation and condensetion rates are equal and no nev flows exist
betvween surface, bulk, and gas phases, then equilibrium thermo-
cynamice {thermostatics; can be applied even though ¢: extremely
higu corcentrativa gradient may exist between tlie adsorbed leyer
and substrate.

jtilizing the arguuments &f irreversible thermodynawics
(43,44} we car show how the forces and fluxes iu sucfsces are re-
lated and, {f the fluxes vanith, how gradients may »emain and
balenne esach other A coaprehensive analysis of irreversible
processes including both chemizal and sglect:?c potentials hzs been
g.7er by deGroot and Tolhsek {45}  Since their arguments sre
arplicable to suvrfaces and to solids we caa utilize their resuits
end extend them to describe surface pheacmena.

In he gereral case, they treated & system in which the
irrevers.ble prc:esses or diffusion, electric conduction, heat
condrction snd ¢ number of chemical reactions cculd take place.

An electrocheniral potentiel, E?Q is consicered to be the sum of e

t
chemical, by ¢ and electric, e, ¢, part for the k h ccuponent :

L e B ]
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Moo* u + e ¢ (21)

, acting on the kth component consists of an
=

The extermnal for-e, fk

ﬁ, and a non-electrical part, ? :

electric force, -e k

gral ¢ = -e

k k

r, = F o« grad ¢ (22)

e
k k k
The phenomenological equations obtained relste fluxes of matter,

3:; en:rey, 3‘; and chemical reactions, Ji, to the appropriate
- 4 J

forces:
r v v 'S Y grai ™
9 o - Ilcuu-o; -
g, = E Lig | Fj =~ T grad 'z= L1q = (23)
QY
- A Nk i red T :
T =:1L ¥ -~ T grad {—) | - [ &L= (2k)
¢ k ak | K grac g aa T

(25)

In the atove equations, the L's are the piaenomenological co-
efficients which follow the appropriate Onsager relaticas and Yem
are the stoi:hiometric ccefficients. Cquation (23) relates
diffusion to electrochemical potentiai and temperature gradients

+
and to other externally applied forces, ¥, Equation (2:) includes
the flow of both thermal ard elecirical energy while Equacion (25),
which is a scalrr equaticn and does not couple with Equations (23)
azd (2b4), describes the dependence of chemical reacticas ou each
other, Note that all subscripts in the sbove equations refer to

chemical componetits,

Equations (23)=(25) are userul for both dynamic situations,
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vhen flows and forces exist, and sta%ic situations, when one or
more flows or forces may venish. I we consider tr= static case
vhen there are nc {lows and no thermal gradis ts ~r external
forces, the situation is guite simple anc the phenomenclogical

equations require that the gradients of electrcchemicel potential

must vanish-

N
- - [ 3 2
§ grad u ﬁ grad Tuo toe $) =0 (26)

in oxder to include the effecis of energy, vclume and
entropy zredients which exist in interfaces, the chemical potential

can te wriitten as:

¥=u+py - T (27)

for a single component. In Equatios (27), u, v, ond s are ir.
tensive quantitiss and actually congist of sums of homogeneous
bulk quantities and surface e¢xcess quantities such as u = % + Eso
In an interface region, only the surface zxcess quantities
nave gradients and gradients of he homogeneovs bulk portions of

vanish by definition. Thus,; assurning that gradients > external

rvessure,; p, and temperature T, vanish, we can write:
grad u = grad u + p grad v - T grad s (28)
= grad (9-+ E ) + p grad (X'4 V) - T grad (§-+ s )
n s’ n g a
= grad Es + p grad Vs - T grad SS

= grad v (by Equation 3)
The excess internal erergy, Es’ in an interlace region can consist

of a strain energy portion, % uzvruv Vv if strains exist, and of
9
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potential energy excesses rclL due to sirain, Es' as portrayed in

Figure b, The gradient of surface internal znergy then becomes:

&~

grad E_ = grad E; + (29)

. T u
eV UV WV

Combining Equations (20), {28}, and (29) for s cne component

¢

system we obiecin:

grad E; + % graa -Zv Tuv ums + pgrad v - T grad s = « » grad 4{23N)
< L3

With no exteraal pressure, such as & surface«vacuun interface, tke
p grad v term veaishes and, if ve assume a Tlat surface with ne

gradients parallel ts the surfacze, then

t

dE
— a_ ) m 93 s 1)
dz © 2 3z (u;v Tuv uuv) - T (31

-

The important aspect of Equation (31) is that it shows the
interaction of gradients of surface guantities which can exist at
equilibrium, i.e. when fiuxes, enxropy flows, temperature gradieats,
etc., vanish.

The magnitude of the vai.atich cf internci energy, E;, straia
energy, entropy, and electric potential with distance beneath the
surface depends ou tne mate-ial, An electric potential gradie.t
can exist ir a spr.ce charge region when the electrochemical po-
tential is separatle into i%t3 electrical and chemical portions as
shown by de Groot and Toihoek (45). Insulators and semiconduciors
exhibit space charge regions whereas metals do not. In adsorbed
layers or oxides on metals, however, space charge regious may
exist and have high electric potential gradients.

What we have ettempted tc show in the above analysis is that
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standard irreversible thermodynamics can be spplied to flu-es and
forces in so0lid interfaces. When cne or mcre fluxes or forces
vanish, Equations (23), (24), and (25) are still applicable and
for the static case, the interesting elation, Equation (30),

provides a grephic picture of the gradients which may remain,



[II. OTUER EXPERIMENTAL TECHNIQUES

At the present time about 1L different techniques have been pro=
posed for measvring surface tensiocns of solids. These methods are listed
in Table 1 together with the respective references. Experimental results
have been reportec for ten of these and are also included in the hable,
Since Inman and Tipier (46) have reviewed the mcre Irportant of these
techniques and listed the experimental resilies for most metals and ellagys,
only a very bdrief description and critique of esch methed will be
presented here., In addition; some data for non=-metallic elements and
ccmpounds is presented,

Probavly the most widely used technique for obtaining the surface
tension of solid metals involves a weasurement of the force in thin roils
and wires tending to reduce the gurface area, In effect, the high surface
area semple is exposed to a temperature above 0,75 T {meltiug point
temperature) st vhich sufficient thermal energy is available to allow
creep and the resulting surface area reduction to teke place at an
observable rate. In the experimental procedure, & ccunterbalancing
mechanical load which ig utilized to prevent surface ares reductiom, i.e.
zero creep rate, is related to the surface tension. MNabarro (L47) and
Eerring (48) have explained the creepr mechanism in terms of diffusion
fluxes, surface and grain boundary tensions, and applied load.

In 1909 Chapmen and Porter (L9 reported the first creep experi-
ments on thin foils wkich was followed by surface tension measurements oa
thin foils by Sawai snd Nishida (50) and Tammann end Boehme (51). Cone
temporary investigators (52-60) have improved the technique and used
small diameter wires =s well a&s th'n foils.

Since the creep rate in this type of expe-iment s a diffusion
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TABLE 1 - SURFACE TENSIONS

Method 1) - Creep of Thin Wires or Fcils

Material Surface Tension Temp .

(Plane) in ergg@mz °K Atmos, Ref,
Ca {(avg) 1650 1357 Vac, 5
Cu (avg) 1770 1123 He 27
Cu (avg) 1Tho 1323 H or ..e 58
Ag (avg) 1130 1234 He 53
Ag (avg) 400 1123 Air 59
Au (avg) 1350 1336 He 5k
Au (avg) 1650 1336 ? 51
Ni (avg) 2725 1725 A 55
é~Fe (avg) 191k 1,80 A 46
Sn (avg) 685 438 Vac. 60
No (avg) 2100 2523 Vac, 56

Method 2) - Cleavy;e
2n(0001) 105 7 Liq. X, 69
Zn{0001.} 90 7 Lig. N, Th
2a(0001) 871 R.T. Air 4
Graphite(basal) 1750 R.T. URV 73
Fe-~3% 5i(100) 1360 2L Liq. K, 69
si (111) 12k0 17 Liq. N, 69
Zn-,1% C4a(0001) 1600 17 idq. ¥, 69
Kc1 (100) 110 RoTo Air 66
Mg 0 (100) 1150 R.T. Alr 67
Mg 0 (100) i200 17 Lig. N, 69
IiF (100) 340 7 Lig. ¥, 69
Ca F, (111) 450 17 Liq. N, 69
Ra F, (111) 28¢ 17 Liq. §, 69
Ca CO, (1010) 230 7 Liq. N, 69
Mica {001) 310 R.T. Air T0
Mica (001) 375 R.T. Ar 65
Mica (001) 4sor R.T, Vac, 65
Mica (001) 10250 R.T. URY 12
(Continued)



TABLE 1 {Continued)

L3,

(Method 2) = Cleavage (Continued)

Material Surface Tension Temp.
(Plane) in ergs/cm@ oK Atmos, Ref,
Muscovite (001) 1100-1200 R.T. Dry Air T1
Phlogopite {001)  2000-30C0 R.T, Dry Air 71
Polystyrene 7T.13 x J.()5 R.T, Air 5
Poly(methyl .
methacrylate) 1,40 x 107 R,T. Air 1%
Method 3) -~ Heats of Solution
Ni (avg) 3700 R.T, Soln. 81
Co (avg) 3580 RoTs Soln, 81
Mg 0 (avg) 1090 R.T, Soln. 79
NaCl (avg) 276 R.T, Soln. 80
Ca 0 (avg) 1310 R.T. Soln. 80
ca(od), (avg) 1180 R.T, Soln. 8o
Siloxa;e ) 259 R.T. Scln. 8¢
Siianol 129 R.T, Soln. 89
XC1 (avg) 252 R.T, Soln, 80
Method 4) - Iiquid-Solid Interface
Ne (110) 220 361 Melt &3
4 (110) 430 459 Melt 85
cv (111) k17 1356 Melt 8s
Ag (111) 1056 123k Melt 85
An (111) 1247 1336 Melt 85
Pt (111) 2060 2047 Melt 85
Pb (111) 498 501 Melt 85
Metrod 5) - Heuat of Immersion
Graphite {basal) 119 R.T. Air 86
Teflcu (basal) 56-69 _ R, T, Alr 8
Method 6) - Field Emission
W _(avg) 2900 2000 UHY 87
(Continued)
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TABLE 1 (Continued)

Method 7) - Helium Bubbles

Material Surface Tension Temp,
(Plane) in ergs/cm® °xK Atmos . Ref.
Be (avg. 1000 973 He 88

Method 8) - Wedge Grooving

Cu (av, 1550 1223 Dry B 93

Method 9) - Dihedral Angles. known vy{liq.)

Cu {avg) 1800 1025 H or A ol

Method 10) - Chemical Potentisl of Particles in Solution

Ag (avg) 5500 ReT, Ionic solp. 92

controlled process, surface tension measurements can be made caly in a
temperature range wvhere the Nabarro-Herring stesdy state creep mechanism
can be observed with‘lp the time limits of the experiment and for the
small mechanical loads required, 4llen (59) was sble tc make measure-
ments vith silver at temperatures as low as 650°C vhich .s 0,75 T
vhich sppears to be the lower limit for mout metals.

The atmosphere vas fourd to affect the results drastically aad
wost experimenters utilizecd inert gases in heating chambers msde of the
same material as the sample. Allen (59) ~btained 2 surface temnsion of
koo ergs/cm2 for silver in air at 950°C and Funk et al (53) obtained
1140 ergs/cm2 for the same material at the sams temperafiure in & helium
atmosphere, Experiaments in vacuum at pressures belcw 3 x 10" Torr have
not been reported. For many metals the high evaporation rate in ‘acuum
in the temperature range neccssary for the experiment precludes the use
of high vacuum and, therefore, limite the use of the technique to

surface teasion measurements in inert gas atmospheres.
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The relstion of the surface iension data obtained from the typical
creep experire .. . ch the sample-utmosphere interface may be any
number o7 p. AL. o ke _ved gases (cf. Effects of Adsorbed Layers
sectice’ te vhat of Lhe true vacuum-solid interface is most difficult to
ascertaun, ' ‘umber of experiments (cf, 61,62) have indicated that the
elimination <’ adgorb-d surface layers of chemisorved geases by sixmple
high tempex:*ure evaporation in vacuum ~r inert gas sumospheres is ale
most impossidle, For that matter, difficulties are encountered in nb-
vaining a clean surface even vhen the mcst careful ion bombardment
cleaning techniques are utilized as pointed out by Farnsworth et al (62)
who studied the surface lsyer directly with low-energy slectron
éiffrscvion, Therefore, it is apparent that the creep type experiment,
as vell as most other surface tension techniques which are used in
pracii-e tnday, iuvolve some form of impure surfuce which holds little
resemblaznice 0 the truly clean surface,

The second method of surface tereion determination involves the
measurement of the strain ensrgy required to extend a clsavage crack om a
particular lattice plene. This follows the Griffith (632) criterion for
crack initiation and is based on & balance of strain energy and surfece
energy. The classical experiments on mica by Obreimoff (64) and by Orowen
(65) have been improwrd upon and the method utilized for metals and for
organic and inorganic compow.d crystals b:> a number of more recent
vorkers (656-75).

The well known difficulties encountered in determining a true
surface tension from cleavage experiments include the possible plastic
energy of deformation and cleavagy step energies, Also, if vacancy con-

centration in a surface at thermel equilibrium differs from that of *he
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bulk, the surface tension esud surface stress wouid not be equilibrium
values for cleavage experiments. After cleavege occurs, thermal re-
arrangemcnt of surface atouws may occur in or’er to attain the equilibri-
um surface vacancy concentration and surface atom displacement, Cleavage
experiments do not, therefore, measure ths energy of a surface but
msasure the energy required to bresk the bulk iattics bondz. The megnie~
tude of this effect is difficult te ascertain until more is known about
surface point defect concentrati.us and surface stom displacementa.

The effect of gaseous environment on crack propagation has been
discussed by Snowden (76) and Wesiwood (77). Gilman (69), who performed
his cleavage experiments in liquid nitrogen, stated tnat the tip of the
cleavage cirack was probably so sharp that liquid nitrogen molecules
could not ge* very close to the tip. However, the effect of adsorbed
lsyers cn opening up cracks and .ncreasing crack tip radii has been re-
ported by Westwoédo A very large effect of the atmosphere on cleavage
energies was observed by Sryant et al (72,73) who reported s value of

13 Torr and 300

10,250 ergs/nm? for mica in an ultra-nigh vacuum of 1G~
ergs/cm2 in eir. It is obvious, therefore, that the environment in
cleavage experiments has & very pronounced effect on the resulte, While
the effect in mica is a special care involving surface charge layers,
it is, nonetheless, expected i.at cleavage energies for metals in an
ultra-high vacuum environment would be higher than those reported for
other environments,

Another technigue for the determinetion of surface tencions in-
volves the difference in heat of solution between o material of fine

perticle size and in bulk form. Lipsett et al (76) were the first to

report dats utilizing this te-hnigue, In their experiments on FKaCl, the
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surface area ol the povder was measured microscopically. More receatly

Jure and Garland {79) -ud others (80,81) have utilized the heat of

solution technique but have applied more sophist:icated metliods frr

surface area determination of the powder by a monolayer sdsorption tecie

|

nique such as the Brunauer, Emmett, Teller (BET) (29} and Hsrkins, Jura
(82) techniques. Many aspects of the heat of solution method of
measuring surface tension are similar to the method developed in this
laboratory.

It is interesting to compare the results of the heat of solution
technique with those of others,

2 2
ia ergy/cnm in ergs/cm
from heats of solution Kels by other techaiquss R.r,

P
Mgo 1090 (19' 1150 cleavage (67)
1200 cleavage (69
1200«1300 cloavage~HV (68) '
KC1 252 (60) 110 cleavage {66) I
NS, 3700 181} 2600 wire creep (55) B .

These results wera cbiained at vnom temperature excupt for the 1200
urgs/cm? valus for Mg0 and the -.&00 ezsnfcna for Ni which weore oxtrapo-
lated to room tsmperature uszing » surface entropy (see Equation 3) of
-0.5 orgn/cm2/°ﬁ. The results for Mg0 are in remarkeble esgreeweut.
However, the results frr+ the heet of soclution technigue for KC1 and Ki —
are, respectively, 2.3 and 1.k times the values cbtained 7rom otber N
techuiques. In the heat of solution msthod, the effact of using &

povder surface arsa smaller then actvelly exists is to incresse the

value of surface tension cbtained. If good BET practice is utilimes,

bovever, even for powders having very small pcre siies (sea section on

Experimentsl Procedure), the surfuce area Gvia'ned geaertllr correlatas

tmn——
3
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vell wvith values cbtained from other techniques of determining surface
area. This techrique of surface temsiocn measurement could be adaples to
ultra~high vacuunm since the initial pcwders are vacuum degassed vefore
dissolnution. The quantity that is actuslly determined is xhe golid~
vacuus sirface tension, not the solid-liquid temsion as reported by Inmsan
and Tipler (%€),

An interesting techniqus first used by Meissner {83) utilizes the
di7ference bhetveen the melting point of a Ziat solid and one vwith &
giarp radius of curvature, This difference in melting point is pro-
portiornal to the solid-iiquic interfaciel energy. Assuming the Dupré
aquation (Ys = Yg + Y&s) and known values of the surface tensions of
liquids such ag those given by Whi*e /84), the surface tension cof the
sclid, g is just the sum of the surface tension of the liquid, Yo azd
tihe interfacial temsionm, Yia® This approach has been expanded by
Skapski (85). Again in this techmique, as in the method of craep, oue is
limited tu temperatures very close 1,0 the melting point, The results are
listed here for the noble metals at the melting point and are remarkably

close to values obtained from thin wire creep experiments.

Y in ergs/cm2 Y in erga/cm?
by the ATm technigque  Ref, by the creep tecliniquse Ref,
Cu 1417 {85) 1650 (52)
Ag 1056 (8s) 1130 (53)
Au 1267 (85) 1350 (54)

In this techanique, the values of the surface tention ¢f the liquid would
be affected considerably by the surrounding atmosphere and would be
hisﬁér in ultra-high vacuum, thereby giving higher values for the solid
surface tension,

Another interesting technique was developed by (iood, et sl {86} and
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nakes use of the increasingly available heats of immersion of solids,

The technique is adaptable to varioue temperatures and to vacuum as iz the
heat of solution technigue. The results of Good, et al (66) for graphite
are about a factor of ten low &s shown by Bryant, et al (73) due to un-
clean surfaces. The energy of the surface, Cyo is calcuiated from the

equation:

2
(egy = Byigp))

e = - ‘ °2 (32)
eh'
vwhere ey is the surface energy of the wetting liguid and hi(st) is the
heat of immersion, The guantity ¢ is given by the expressiom:
Y Y Yoo o X
o w =B Ly sk (33)

2 YSV Ylv

and 15 ofien close to or equal to ome,

The pulsed field eleciron emission techuique of Barbour, et al (87)
wvag the firat to ensure an atomically clean surface, Field exmitter tips
are heatei to a tempersture at which atoms can migrate from the tip to
the shank to reduce suriace area and this tendency is reduced to zero by
applying 2 known DC slectiic field, Surface tension is assumed pro-
portional to the square of the applied field. An additional field is re-
quirad for observation cf the emitter tip on the flourescent screen and
was applied in pulses to eliminate the effect of the second field on
atomic migration, One objection to this te:hnique would be the strain in
the surface region of the emitter tip caused by the applied field which
might affect the valus of surface tension obtained. Howaver, K thi. could

probably be accountei for as shown in the section on Theory.
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A very interesting techaniqus developed recentiy by Barnes and
collaborators (88) involves equating the force of surface tension acting
in the walis of a cavity in a solid to the force exerted by gas pressure
ir. the cavity at equilibrium. Barmes, et al did this by injecting helium
atoms into beryllium vie a-particle bembardment in a cyclotron or fas?t
neutrcen boumbardment in an atomic pile  Subsequentiy, samples were
aanealed such that the supersaturation of vacaacies formed during the
bombardment could agglomerate to form cavities in whick the helium gas
zollected. If helium adsorption on & clean surface is assumed not to
affect the surface tension significantly, this method wonld appear to be
quite useful for temperatures below the melting point and for materials
not smenable to other technigues.

It would be pcssible to measure surface tensions in meny solids
quite simply without utilizing bombardment technijues by determining the
gas pressure in equilibrated csvitiez within the crystal. Amelincynx,
et al (89) determined pressures inside crystal cavitie. by observing the
bubble size of the gas released during etching of the sample. They were
also able to analyse the gas with & masc spectrometer., If the cavity
size and gas pressure and analysis cculd be determined, thon the aclid
rurface tension under a known atmosphere could be measured.

Other techniques for the determination of surface tensicua of
solids include measurements of suriace stresses in ulitra=high vacuua vy
bending very thin plotes and comparing the bending stiresses required to
thoss known for thicker plates as suggested by Hamemaa (90), Frazer (91)
proposed a technique involving the measurement of curvatures of surface
staps between precipitated particles. Borel (92) has recently reported

a very high value for the surface tersion of silver (5500 erga/cmz)
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obtained from measuremente of the chemical potential of silver in an
ionic solution containing very small crystals of silver of known radii,
The variatior of chemical potential with radius is well known (9} and
suggests another technique which has not, as yet, been utilized for
surface tension deoterminations; that is, the equilibrium vepor pressure,
vbich depends on chemical potential and, hence, on ciyatal radius, could
be myasured as @ function of particle size in an ultra~high vacuum.
Uging the Herring (9) equaticns, surface tensions nould then be obtained.
Another technique utilizeC recently by Shewmon (93) involves measuring
the angle of & groove made in a flat surface by a wedga. Bailey and
Watkins (94) used very good experimeatal technigues in cbtaining the
surface tension ¢f copper via the Dupré equation by measuring dihedral
angles on single crystals, liquid-solid interface angls, and using the
known surface tension of liquid copper.

Due to the ever increasing profusion of ideas concerning surfaces
and techniques for measuring surface tensions, the very reascusble
question might be raised as to why desvelop another approach to surface
energy deteruination? The answer can be found in the objections raised
to the techniques described atove and in the fact that nome of the tech-
niques form a direct approach to the problem, and as such, rely oo
secondary mechanisms which in themselves are suspect., Iun addition, the
applicability of many of the umethods listed is limited to certain
naterials., None of the techniques repnrted iu the literature thus far,
except for the field emission method, has utilized ultra-high vacuum;
and, hexice. the true solid metal~vacuum interface has not as yet been
studied. And until field emission is adapted {c low melting point

materials, only such materials as tungsten cen be studied by this method.
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It is true thet the cleavage mcthod could be adapted tc ultra-high
vacuum; however, the other obje:tions which were raised above still lsave
this approsch in question, The solid-liquid interface and heat of
immersicn technigues both depenc on availsble dats for the surface
tensions of liquids which are also not yet available in ultra=high
vacuum environaent, Measuring the gas pressure inside cavities in
crystals obviously will not yield valuer for the solid-vacuum interface,
Of the important techniques devoloped, to this timse, tae heat of
solution technique seems most adaptable even though thie heas not as yet
beer. utilizad in ultra=high vacuum. In view of {the large discrepancies
in the surface tension data shown in Table 1, cne may assume @ither that
the methods for the determination of the surface tension or the oxperi-
mental prccedure or hoth are at fault, Most of the techniques utilized
for aclids are subject to largs experimental errore and have taken many
years to develop. The adapteticn of these technigques to an ultra-<high
vacuum enviroument would involve a great deal of eifort emd complex
equipment., The need for a direct approach to the probtlem of measuring
surfece tensions of solids in ultre~high vacuum utilizing established
techniques in a range of temperatures below 0.75 Tm and not specifically

lirmited to the type of material studied is apparent.
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EXPERIMENTAL PROCEDUFE AND SYSTEME ARALYSIS

A, General Outliine of Technigue

The technique develcped in this lidboratory for the determi-
nation of the surface tsusion of a solid involves the measurement
of electrical esergy requireu to evaporate 2 wass of 3ciid and &
calorimetric measurement of the hest evolved from the condsusation
of the resulting vapor. The spproxizate difference in surface areaz
between condensed vapor and the Jnitial mass is a factor of about
10“. If the temperature of the sample is identical at the start
and at the completion of a run, then the difference between power
input used for evaporation and heat given off %o the calorimeter is
essentially the surface tenzion times the diffsrénce in area
between the initisl ssmple and the thin film, WUhen this process is
carried cuv for a purs elemental substance in ultra-high vacuum, it
is possible to obtaln a tbin “ilm with an atomically cless surface.

The determination of surfece tension by this technijue in-

volves, effectively, the following process:
M (T,) » MB(TQ) + By (3k)

¥
M(T,) + (1) + (35)

in which the only essential differencs betwe2an the starting mass of
T
solid, H.(Tl), and the product of the reactiom, "Q(Tl)' is the

surface sres, The energy, AH., required to heat and evaporats the

1!
saxple is greater than the heat given off to the cealorimeter,
AH,, during condensation of the vapor, hs(Tz). because of the

energy tied up in the large surface area of the depoaited thin



film, The difference, AH, ~ ABQ,fAE essentially the surface

1
tension of the material times tbé surface area of the filr (yA)
(see Results and Discussion)., The similarity betwsen the approach
presented here and the heat of solution technique utilized by Jura
and Garland (79) should be apparent (see Other Experimental
Techniques). Since the recorded values of the surface tension are
so small (100-3000 erss/cm? for most metals) in comparison to heats
cf sublimation per cc; tlLe major requirement of this experiment is
that the change in area between Me and M; must be very large. This
wvas accomplished by evaporation onto a substrate maintained at a
low temperature,

According to Allen, et al (33) the surface ares resulting
from the ultra-high vacuum vaporization of copper onto a glass
substrate wvas an inverse function of substrate temperature, Thin
films deposited at room temperaturs had a surface area cf about
szlgn whereas an area of 3v.6 m?/gm was obtained for films de-
posited at liquid oxygen temperature (90°K). Liquid nitrogen
torverature (77.32°K) was utilized for the temperatura of the
substrate in ocur experiments. Aress of thin films evaporated in
vacuur (but not in vltra~high vacuwum) onto room temperature sub-
strates have been reported by Bremnan (§5) for a number of metals
vhile Swaino and Plumb (34) discuss some of the experimental
variables influencing the surface aresas obtained for avaporatsd
films, Many factorz, such as substrate tempersture, angle of
incidence of the vapor during deposition, substrate cleanliness,

vacuum, purity of the sample, etc., affect the surface arsas of



vacuum deposited thin filme, The techniques of surface area
measurement, vary consiuerably and present another posgible error in
many of the reported surface area values as will be discussed later,
Until data are available for a group of metals evaporated in ultra-
high vacuum and utilizing identical exy rimental conditions it is
difficult to draw meaningful conclusions from a comparison cf ths
surface areas of different metals reported in the literature. The
surface area is, however, ar important factor in determi-ing the
amenability of a material to this expsrimental procedure,

Some other factors influencing the amenability of various
materials to this experimental procedure are known or can be estie
mated, The amenability, Q, is inversely proportional to the

difference in heat content, 8H,, butween a gas at the temperature of

1
evaporation, '1‘“,, and the 821lid at the initial temperature. The
rsason for this is that trne total surface energy of the thin film
deposited in the experiment must Le o measurable percentage of the
total energy involved in the experimental run. The total electrical
power input energy, AH}.“ includes radiation loss, the bhaat content
difference between the materiel at the initial temperature and the
temperature of evaporation, Tev' and the heat of vaporization., The
energy received by the ca.crimeter, ABE" includes the radiant energy
and the heat relesased due to condensation of the vapor on the sube.
strate, :.Iil is equal to AH2 plus the small quantity, yA, the total
surface energy of the thin film, Since radiatica loss is proe
portional to Th, the amenability is inversely proportional to T: v
The amenability is directly proportional to tha2 aurface tensi-m,

Y, the surface area per gram of the thin film, A'; snd to the
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evaporaticn rate, R, at the temperature of evaporation chosex.
Values for evaporation rates of metals are given by Dushman and
Lafferty (23). Values for surface tension and surface aress ¢’
thin films have been disc.zsed above., The [actors influencing
amenability of a materisl to the experimental procedure are
groupz +ozether in the following proportionality relation:

an LAE (36)

Tev AHl

In addition to the above, Q is alesc relscted to the heat leek rate
of the calorimeter and to the precision of the electrical power
measuremept system since <°  product vA (where A is the area of ths
thin film obtained in the experiment) must bs consideradly larger
than both the calorizster leak rate and the limit of precision in
the pover measurement system in order to obtain results., Conse
queatly, Q is inversely proporticnal to eithsr the culorimeter leak
rate or the power measurement ¢rror, whicheve: is larger and,
therefore, the limiting factor. Also to be ccns! lered was the
ability of the material to be tested to undergo the praiiminary
ultre~high vacuvu bske-out jup to U50°C) without evaporation, From
the above anclysis, silver was chosen for thils experiment since its
amenability was good in compariscu to other retals for whi-h data
was availablie and since YA was large enough (o0 be detected experi-
mentally., An ad: ‘iopal factor influencing the purity attainable
is the fact that the oxides of silver are reslatively unstable and,
therefore, easy to dissociate and remove tlirough ultra-high vecuum

proceduies, The experimentel procedure developed here would,
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hovever, be amenable to wothsr meterials, both metallic and non-
metallic,

In the following #ect?:m~ ins techniques necessary for
vacuum evaporation and for obtafning arn stomically cleesn thin film
surface are discussed together with the calorimeily & d power
measurement system: and the (BET) method of surface aresa measure=-
ment. Figure 9 portrays diagrammatically the various components
of the experircesntal apparatus,

B. Evaporation Procedure and Ultr--High Vacuum gtmvz Technigue

Since the surface tension varies with adsorbed atoms, the
requirement of a clean surface was stivulated for che cxperimenial
measurement ot the aurface tensioa of silver, The utilization of
ultrs-high vacuunm (UHV) evaporation procedures was, therefore,
mandatery, In this section the UHY technique is dezorided ad well
as the filament sssexbly design and evaperation procedure, Since
the surfece tension of the evaporated film i{s a very saall pér-
centage of the hesat liberated to tas calorimeter, an evaporaticn
temperature of 1600°K was chosen to optimize the energetics of the
system as explained in Appendix 1,

The sample material chosen for vaporization was 0,005"
diameter silver wirs of 99,999% purity as cbtained from Leytess
metal and Chemical Corp. Fourteen coils of about twenty turns
each of the silver wire were vound co & 10 mil tungsten - 3%
rheniun filament as shown in Figure 10a; wuich had been degacsed
for sbout 10 minutes 2t 2000°k in a vacuum of &t least .‘LO"6 Torr.
After winding the silver wire on the degassed filament, the wholas

easenbly wos degasead further at 10"(S Torr for a few hours at
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about 1000°K. The filament asssembly vas then incorporated in the
experimental apparatus aad UHV attained, further degasszing was done
in the ).0'8 Torr range until no increase in pressure wvas observed
up~n repesated heatings of the assembly to 1000°K.

At the evaporation temperature utilized (1600°K) Rook and
Plumb (96) have shown that tungsten contamination of the evaporant
is negliglible, Because of this and the degsssing procedure used,
the purity of the silver evasporated during & rur vas sxpected to be
av least 99.999%. Other filament asseably designs es shown in
Figures 10b and c were tested., The crucible type shown in Figure
10b, in vhich the semple vas & small lump of silver, gave a
limited evaporation rate since the surface area of the silver ex~
posed duriug evaporation wes very small in comparison to the area
svailisble using the design of Figure 10a. The crucible type of
filament also } "oduced large fluctuations in power which wore
difficult to record (see section on Power Meagurement Systam) and
vhich ore probably caused by electrical shorting betwsen tums c¢f
the filament ag the silver melted and vaporized. The design of
Figure 10c¢ worked well but the simpler design shown in Figure 10a
vags poasible if & tungsten « 3% rhenium slloy filament was used
inatead of pure tungsten, since liquid silver wet and adhered to
the alloy but not to the pure tungsten.

S8ince Allon, et al (33) have shown that the surface aress of
metals condensed from the vapor in UHV at about T7°K are & linear
fuaction of the mass evaporated, the choice of the amount of silver
svaporated during an experimental rua was not critical, Weigits of

approximately 0.02 « 0,05 gms were evaporated and, assuming u
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surface area of k0m2/gma the surface areas obtained for these
weights were in the neighboriood of 0.8 « 2.0 x ).0:4 cmzx Using a
vaiue of 1675 ergs/em2 for the surface tension of silver ovtained
by extrapclation t¢ 77°K of data given by Funk, et al (53), the
total energy of the thin film surface was expected to be approxi.
mately 0.22 « 0.54 cslories or more, OSirce it wvas necesasary that
this shall energy be aa high s percentsge of the total neat e~
ceived by the calorimeter as pnssible, an analyais of all the
energies involved in an experimental run wes made as discussed in
Appendix 1, Taking into account the heat released to the calori=
neter during -ccndensation of the silver vapor, radiant energy
received ‘rom the hot filament, and the amount of silver evaporsated
at various temperatures, it wae found that the surface energy of
the thin film was the bighest percentage of the total energy at
about Toy ™ 1600%K.

In order to insure less than cae nercent of a mon. ayer of
impurities cn the silver film during the course of & rua.
evaporation .n UHV was required., Most of the UHV procedure
utilized has been describved previously by Spalvins and Keller (97).
The apparatus used to attain UHV i3 portrayed schematically in
Figure 11, The sudbstrate for the thin film depoaition was &

7.5 cm OD x 10 cm high cylindricel cell {A) of 0.022" taick OFHC
copper vhick was silver plated om both sides with approximately
0,602 inches of gilver., The substrate provided gecod thermal con«
ductivity to the zalorimetric fluid which surroundsd the cell. In
addition, the silver on the ocutaide of the cell prevented oxidation

of the copper during the bakeout cycle, The cell was attached at
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K. Liquid Nitrogen Trap
L. Mercury Diffusion Pump
M. Mechanica. Forepuup
N. Bake-out Over (removable)
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cne end to a 2,5 cm OD stainless steel tube leading to the UHV and
BET systems. The surface area cf the cell was approximately 375
cm2 and since the subsirate has an interface with the deposited
film of silver, a small interfacial emergy is involved. Even
though UHV technique was utilized, the interface would inveolve a
chemigorbed layer of gas atoms on the substrate, This problem was
considered negligitle, however, since the deposited silver film was
granular having a such larger surface area {ebout 10& cm2) than the
interfacial area.

The pumping systea included a Welch Duo-Seal mechanical fore-
pump, two 3-dtage mercury diffusion pumps, and s liquid nitrcgen
trap cornected in series. The components enclosed in the bakeout
over, N, as shown in Figure 11 were baked cut between 350° and 450°C
for 2k to 120 hours at pressures in the neighborhood of 10"6 10
10”7 Torr as measured by an CVC discharge gauge (J). The pressure
in the system at room temperature following bakeout was 5 x l()'8
Torr as messurecd by an NRC type 553~P ionization gauge (Bayard-
Alpert type) (Q). Te obtain the desired pressures careful de-
gaseing of the filument asmembly (B) and of the titanium getter
punp (H) was recessary. This was accomplished both during sad
following bakeout while maintaining the pressure in the systenm

below 102

Torr. The Bayard-Alpert gauge and the filament sssembly
were degassed again at room temperature following bakeout, After
bakeout, the system was isolated at (I) and the titaniux getter
rflashed intermittently to attain the ultra-~high vacuum range. High

purity 0.010" diameter titanium wire cbtained from Armetcc which
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wvas wound om 0.010" diameter tungsten filament served as the
getter,

Many problems were encountered daveloping leak tight seals
between the metal components of the ulira-~high vecuum system,
Cracks and porosity which developed during the hakeout period were
numerous and presented the most difficulty. Most o the metel
joining was accomplished using (Handy-Harmon Braze types T15 and
580) silver solders which contained no high vapor pressure
constituents.

The vacuum required to limit adsorbed impurity coverage of
the thin film surface can be estimated assuming ideal gas kinetic

theory. The fraction of surface covered, 9§, is given dy:

22

- 30223 230 _a stp
) T (37)

vhere a is the sticking probability, s is the crosc-sectional area
of the adsorbing atoms, t is the time at pressure, p after Zorming
a clean surface, M is the molecular mass and T is absclute
temperature., To obtain a rough estimate of 6 knowing that the
residual geses in an ultra-high vacuum system are usually hydrogen,
helium, and carbon monoxide we can use an average of the masses of
these gases for M and an average molecular cross section of loxza
For a temperature of 779K, a sticking probability of 0.5; and a
total time of three minutes, one perceni of a monolaysr covers-o

will occur at a pressure of 10™°

Torr. Consequently, pressures
close to or better than 10'9 Torr were used in these¢ experiments,

The actual pressure inside the vaporization cell immediately



IIII‘I--?“ | {

65
following the ccndensation of the silver vapor was probably much
less than that read on tae pressure gauge gince at a presgure of

11

10”7 Torr there would be cniy sbout 107" molecules inside the

500 ¢c vaporization coll. Since cne aonolsyer of gas on the thin

18

film surface constitutes about 107 molecules and aince the mean

=l
free vpath at 10 9 Torr is close to l()7

cm most of the moleculss
within aand close to the vaporization cell are gstiered by the
sllver film, From the above discussion it can be seen that if a
pressure below 1078 it attained for an experimental run, . clsan
surface can be guaranteed if the sample material is thoroughly
degassed.
C. Power Msasurement Systen

The energy to form a thin film surface, YA, vas shown to be @&
very small percentage of the total energy in the analysis given in
Appendix 1, For example, to form & thin film of silver at &n
evaporavion temperature of 1600°K, yA is about 2§ of the total
energy utilized (AR + W), As 2 conseguence, to approach a
precision of t S% im yA, the pover required for evaporation must be
pessured to at leapt one part in 103e

In order to esccomplish a precision of this order s c<ircuit as
shown in Figure 12 vas designed. DiJect currcat supplied froam a
heavy duty battery was supplied to the evaporator filament (Rs)
through a standard resistance (Ré) and & series resistance R,. The
current passing through a calibrnted. NBS stapndard 0,Cli resistor
(RG) produces a volisge drop across the resistor. This emf cutput
activated a high speed Brova Electronic recorder ‘{A; (1/h sec rise

*July, 1963, to a value of 0,010033 chms at ten amps
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FIGURE 12 - Power Meagsurement Apparatus

KEY

A. High Speed Recorder (amperage)

B, High Speed Hecorder (voltage)

C. Time Ianterval Meter

Rl Series Resistance; Approximately 0.70

2 Dummy Load; Approximately 1,00
Load; Filament Assembly
R, Standard 1 KQ )
R " 18 )
i R6 §.01Q NBS Standard

Voltage Diviger
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time; 4.8 in/sec chart speed) to produce a recording of the current
profile during the run. The current passi: g through stsndard
resistancs, RS’ which war part of a voltage divider cuvmposed cf

Rh and R., produced a siidla> voltage drop which was also plotied

59
on & similar instrument. The emf vaiues printed om the recorder
charts were subsequently ztandardized by duplicating & sufficient
number of data points by placing an input emf irto the recorder
from a Leeds and Northrup potentiometer (43663L) or a Lindeck
Microvolt source; thus, the recorder instrument errors could also
be standardized,

The exact total time intervel of the run was recordsd to t

2 x 10"6

sec on a digital Berkeley Time Interval Mster (C) fixed
into the circuit control,

Before starting a run, current was passed through ths dummy
resistor, Rz,
initisie the run, The recorder strip charts wers activated

then switched to the filament azsembly, R3, to

slightly before the start of & run to ensure uniform chart spead
throughout the run., Upon switchiang the current from R2 te 33, the
tir vas activated and a change in tlhe plot vas visible on the

recorder charts. A resistance, R., in series with the filament was

1
used to decrease the lavge ampernge variation that was dus to the
resistance change of the filawmt assemdly as it increases in
tempersture during the first few seconds of a rut, Sample strip
chart recordings of the volitsges reccrded on the Brown Instruments
are portrayed in Figure 13,

Since the totsl energy (E) zrovided to the filsment assombly

is a function of the product of the time, (t), voltage (v), and
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current, (i), to the filament and the voltage and current vary with

time the following equation would apply:
Ew sEa(t) v (t) at (38)

In order to obtain an accurate determination of power trom the
voltage and amperage curves, & plot of instantanecus power versus
time vas made on 75 cm high graph paper (see Figure 13z). This was
accomplished by plotting the product v{t) iit) versus time for a
series of points takea from the voltage =3 amperage curves., The
total power was then determined by the metnod of weighing the &rea
of graph psper under the instantaneous power curve. The precisiom
in powver meusurvment obtainabls with this techanique was 3 %5 watt
and, if a total pover of 50 watts were meas.r:d Juring an experi.
mental run, this amounts to a precision of * 0,05%,
D, Calorimeter Systen

In order t. measure the total energy received by the
pubstrate during the vaporization and condensation of the silver
sample an isothermal calorimeter was designed which could be
operated in the liguid nitrogen temparatur: range. .xn isother .al
1w temperature dron calorimeter such as that described by
Ginnings and co-workers (98) might have becen designed; ‘~vever,
there are numerous Qifficulties inherent in such a design, particu-
larly for very low temporsture operation, 3ince the energies to be
messured ih this experiment were saall, i.e. less than 50 calories,
and since the change in volume upon tha evaporation of liquid
nitrogen is large, an igcthermel calorisstar was conceived which

utilized liquid nitrogen et its boiling point as a calorimecric
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fluid. The heat received ut the calorimeter wall from the silver
vapor and coincident radiation during the process would pass
through the cylinder walls and convert liquid nitrogen to gas
(18.3 cc gas at STP per calorie) which ia turn could ba collected
in a gas bureite at atmospheric pressvre and room temperature.
Gisucue and Clayton (99) have given a value of 1332.S cal/mol for
thbz heat of vaporization of nitrogen st a boiling point of 77.32%;
thus, with tae voiume of ligquid nitrogen vaporized auring an
experiment, the heat given off to the calorimeter can be talculated.

A cross section of the liguid nitrogen calorimeter which was
designed and constructed is shown in Figure li. The system con-
sisted of the vaporization cylinder (B} which was surrounded by the
calorimetric fluid, liquid nitrogen (C}, which was held in a msnel
container. Iasulation of the calorimetric Jluid from awbient
temperature was accomplished by surrounding the container concen-
tricaliy with a vacuum chamber and thean a third corcentric chamber
placed outside ihe vacuum chamber whizh conteined more °~ -~uid
nitrogen. Each of the three conceniric ~hsambers were 1langed [see
ingert of Figure 1lk) and affixed to a permanent base plate by Lolts
spaced approximately one inch apart and utilizing gaskets of 1/8"
d{ameter 50% Sn - 50% In. The vacuum seal a% the top of the middle
conteiner vas fashioned in a similar manner. ZEach of the coacen-
tric snells were removed during the bakeout procedvre to prevent
their detericration. The heat leak of the calorimeter wvas reduced
considerably by polishing the containers and by utilizing a series
of radiation shields {D) incorporated within the vacuum chamber (E).

Varicus types of multiple radiation barriers hava been discussed by
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various authors for the insulation of cryogenic liquids, The type
utilized in these experiments ccnsisted of ten alternating layers
of 0.001" tnick aluminum foil snd 0.015" thick glass fiber paper.
Additional insulation for the celorimeter was provided by enclosing
the cuter coptainer of liquid nitrogen in aluminum foil and a poly-
styrene casing (F) about 2" thick,

The normal heat leak attaianable with the calorimeter was
0,05 cal/min, In order to retain a low heat leak a good vacuum {E)
hed {0 be maintained in the vacuum chamber and the level of liquid
nitrogen iz the outer container had to be kept constant., The
latter vas accomplished by adding liquid nitrogen continuously te
the outer contciner,

The gas burette system is portrayed in Figure 15 and
consistad of a gag collection vessel initially filled with dis=
tilled vater and a small furnace for heating the nitrogen gas to
approx’ mately room temperature before collection within the
burette. The gas wvas bubbled into the burette at atmoapheric
pressure at the tip of a bubbler near the bottom aof the durette,
The pressure within the container holding the calorimetric fluid
was, tuerefore, held constant at atmospheric preassure, After the
ges vas collected and allowed to reach equilibrium, the temperature
vwas read oz & precision rercury thermometer to : C.05°C, The
volume of gas cocllected in the burette could be ascertainec to a
preciszion of * 0,5 cc which corresponis to * 0,03 calories,
Corrections were made for th. partial preasure of water vapor mixed
with the nitrogen gas in the burette, Corrections for the volwae

of nitrogen geas dissoived in the water werg ~voided by maturating
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the water with nitrogen prior to a measurement, It was necessary
to do this because of the poor data available concerning sclubili-
ties of nitrogen gas in water (c¢’, LandoltaBgmtein Zahlenwverte
und Functionen {100).

In tne operation of tiz calorimeter and ges burette during an
experimental run, the calorimeter heat leak rate was determined
both prior to and following vaporization of the silver sample by
counting the number of bubbles emanating {rom the bubbler tip in the
gas burette, The leak rate was calculated from a knowva voluwe of
gas per hubble and was subtracted from the total volume of gas
liberated during a run,

E. Surface Area Measurement

There are many techniques in existence ."or the determination
of the szurface area of a finely divided powder or a thin film of &
metal (cf, Plumb (101), The i:ieed for a techanique in this study of
making the area measurements at liquid nitrogen temperature within
the vaporization cell, which is a closed c-atainer, precluded the
use of such technigues s&s the measurement f surface double layer
capacitance in an elecirolyte, the vmission from a radicactive
surface layer, or others. The technigue mc . c.aptable tc this
sxperinent wes gas adsorption which has been reviewed recently by
Emmett (102) and O'Connor and Uhlig (103). O. ‘"2 many gas ade
sorption techniques devised for surface area determination, the
Brunauer, Emmett, Teller (BET) (29) technique hes been the most
widely used and was adoptea for our experimental messuremeni of the
surface area of the thin films of silver deposited in ultra-high

vacuum, Of the very large volume of literature concerning the BET
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technique for surface area measurements, very little work has basn
reported for clean surfaces in ultre-high vacuum, e.g. cf. Allen,
et al (33).

The validity of the BET technique for surface area determi-
nation has been vindicated, imposing certain limitations, by
exhaustive comparisons witb other techniques &nd by excellent
agresment for different adsorbates using the proper BET method on
the same adsorbent. The BET equation for adsorption on a porous
solid is:

s

vm { 1. (n+l) x° + 259’

=
N ) 1+ (Ce1) x = X

v

} (39)

vhere V is the STP volume of g«8 adsorbed, Vm is the ST? volume of
one monolayer of adsorbed gas, x is the relative pressure, p/po,
vhere P, is the‘aaturaxion vapor pressure, n is an empiricsl
constant related to the number of layers of adsorbaie required to
i1l up smnll pores or capillaries in the solid, and C is a

constant proportional to exp (E, - EL)/RT where E. is the heat cf

1
is the hsat of liguefacticn of

L

adsorption of the first layer and EL

the adsorbate. If m s 1, the above equation reduces %0 the

Langmuir adsorption isothern:

X 1 X
TTE T (ko)
R m
and if n = », Equation (38) becomes the usual, well known, BET
equation:
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A method for evaluating the constant, n, as well as the constants
Vm and C, snd in addition, the range of applicability of each cf
the sbove three equations has been discussed by Joyner, et al (104),
The importance of utilizing Equatico (38) for the determination of
surface areas of thin films deposited at liquid nitrogen tewpero-
ture must be emphasized since the particle size of the crysteal-
lites is extremely small, (cf, Keith {105)) giving rise to the
likalihood of small pore sizes, Adsorbents with small pore sizes
have presented the most difficulties in surface area measurements.

The apparatus utilized to cbtein the BET adsorption isotheras
is portrayed in Figure 16, Methane gas cf 99.94% purity as
obtained from Phillips Petrolsum Co, was used for the adsorbste.
The melting point .” wethane is -182.5°C while the adsorbent
temperature vas -195.8°C; therefore, the moleculer ares of the
methane molecule in the solid state, 15.0 22, wvas used, for
determining the surface area ocnce the constant, Vn, vag found. The
saturation vapor pressure of methane st -195.8°C was taken to be
9,55 Torr as given by Rossini (106).

Measurezents were made shortly after the completion of an
evaporation snd after isolating the getter and ultra~<high vacuun
gauge rrloa the thin film and bresking the large conductance break-
off tip. Known volumes, A and/or B, were filled successively wiib
methane from the reservoir and passed into the system by opening
the appropriate valves, 3, 4, or 5, After each increment of
methane had been metered into the system and adsorption had

occurred, the system pressure was measured on one of the two
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McCleod gauges. One McCleod gauge had a pressure range of

10" - 10™} Torr while vhe other gauge had a pressure range of
102 - 60 Torr. The volume of the entire system was known such
that the resulting system pressurs after admitting a known number
of molecules would permit a calculation of the number of adsorbed

nolacules.
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V. RESULTS AND DISCUSSION

The discussion given in the sections dealing with Theory and Other
Exnavimental Te¢chniques indicated that the surface tension of an atomi-
cally clean surlace should be higher ihan that of a surface contaminated
with adsorbed atoms, In additica, the effect of strain energy due to
surface stress in solidas was discussed. The magnitude of each of these
effects is largely unknown but it is expected that both atomic cleanli-
ness and gurface stress will increase the energy of a solid surface over
that of an unclean, unstrained surface. These expectations were verified
by the experirsntal results obtained,

The experimental procedure has been outlined above and the
techniques described for cbtaining ultra~high vecuum end for determining
the pover imput and heat avolvud to the calorimeter werz followed.
Surface sreas were determined by the BET technique and, for the precision
obtained in these experiments, the two constant BET equatiocn (Equation
41) was used rather than the equation involviag three constants
{Equation 39)., The results for surface area, mass of silver evaporated

and surfsce arsa per gram of thin film for ocne experimentsl run are:

Area Mass Area per gm
2490 em®  .015 gm 16.6 n°

For this run, the difference between the electrical power input to the
filameat essembly and the heat evolved to the calorimeter was 0.203
calories, The energy used in forming th. new surface was determined
to be

T
0,203 cal x 4,185 x 10 ergs/cal 3960 erga/cna

2490 em
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for a solid silver thin film deposited cn a silver substrate at 77K in
UHV. The surface tension of silver at 77°K cbtained by exirapolating
data given by Buttuer et al (54)(vwho used the method of creep of thin
vires in inert atmospheres) is 1675 ergs/cmz. Our results are a factor
of 2.4 times this value and this factor is sttributed to the effects of a
clean surface and to the state of strain in the thin film as well as to
the energies incorporated in point snd line defects within the film,

From the experimental results and from known data the mag... .ude of
each of these effects may be estimated. In order to do this, a model of
the thin film deposited at T7°K must be formulated (see secticns on
Theory and Experimental Procedure), If the thin film is assumed to con-
sist of small crystaliities of less then about 100 A dismeter which are
misoriented with respect to each other, then the ex’remely large surface
area of the thin film comparzd to the substrate area indicates that the
crystallites did aot coalesce at this low temperature. Hence, the large
dislocation deasities Jue to the growing together of misoriented crystal-
lites, a3 found in films deposited &t ‘highor temperatures, is avorded.
The pol.:t defect density within the crystallites is, however, an unknown
sactor and could contrit te to the energy of the thin film,

The energy of formation of a vacauncy in silver is approximately
0.8 ev (107) which is about 18.4 kxcal/mois, The weight of the thin film
in this experiment was 0.015 gms or about 1,39 x 10"“ moles, Hence, the
energy contribution by vacancies due to the vacancy comcentration ia this
thia film, assuming a relatively high comcentration valus about 10"3,
would be only 0.0026 cal which would result in caly a 1.3% error in the

ohservad value,

The effect of strain energy cn the energy of the surface has been
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discussed sbove (see pp, 38 and 39), Planta, Ghey, and Piuz (108) have
demonstratad that the strain in sma ., thermally equilibrated, silver
crystallites (down to £9R) 1is quite apprecisble, Using elesctrca
diffracticp, they found that the lattice parameter was 1.1% smaller for
crystaliites of 603 diamgter than for the bulk, ¥From their results, they
obtained & value for the surface stress ~f 5960 dynes/cm assuming that
the entire change in lattice parameter was due to the surface stress,

It is possille to obtain a rough estimate of the strain energy
within a granular thin film if the particle size and shape &vu known., If
ve sssume, to start with, that & number, N, of cubic particles of side
length £ constitute the film, ther the surface area of tbe film is
A=6 12 N, The number of particles, N, is equai to the volume of silver

evaporated divided by the volume per particle and is K = 0.00§hcc .

Since the surface area, A, is kxnown, the side length is foun; to pe sbout
3ooX., With a knowr particle size and knowing the surface stress and
volume strain given by ®lanta et al (108) for silver, the total strain
energy of the thin film cen be calculated readily. If this is done for &
particle size of 300K on edge, it is found that tle strain energy is a
negiigible percentage of the total experimental emergy, 0.203 calories,
If, however, the particle size wers 1003 on edge, the strain energy is
sbout 0,02 calories or about one tenth of the measured energy. Since the
particles are most likely not cubic but elrngated polyhedrous with
highly stressed regioms of contact between particles, and since the thin
film is certainly not in thermal equilibrium, it was felt thst the strain
energy coula sasily approach a value of 0102 calories.

Other energies involved in the condensation of the thin film are

considered negligible. The interfacial energy betwsen substrate and film
>
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vas considered very small Lecause the surface srea of the film is much
larger than the interiacial aree., Atomic migration energies in the fiim
during deposition are considered negligible vecause of the cold sub-
sirate and, heuce, short Jiffusion distance, Dislocation energies are
insignificant since dislcocation densities in such filme are low and since
the dislocation dersity in tihe initial sample {C.005" dimmeter wire) wes
probably high., From this discussion, it appears that mest of the ex-
pe. .mental energy measured {3960 e?ge,’cmz) represents a true surfrce
energy. i1f a meximum corraction of 500 ergs/cm2 is assumed in crder to
account for strain e¢nergy, point defect ccncentration, and other facters
which increase the energy oi the thia film, a vaiue of apprcximately
3500 ergsicme is obtained for the surface energy of atomically clean
silver at TT°K.

Another possible scurce of error was the asasurement of surface
area by the BET technique. A cross sectional area of lS.OK2 was used
for methane assuming the solid atate for the adsorbed gas. Hiza and
Kidnay (109) have shown, however, for a silica gell that ar adsorvead
film of methane at 77°K is in a traasition region (76-88“K} between the
solicd and liquid states. In the liquid state, the cross sectional area
of metbane is 18,1% and, if this value is used, the surrace energy is
decreased by sbout 25%,

Although each phase cof the surface energy determination technique,
UHV evaporation, calorimetry, electrical analysis and BET analysis were
calibrated independently there was no obvious method in which the whole
series could be standardized in one continuous experimeni; therefore,
tae observed surface energy values reported herein nmay be liable to an

error in any one or more of the aforegoin; steps evun though exivrenme
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care was taken to prevent such an occurrence. Furthermore, the reported
surface snergy value is the result of one very successful serles vhich
correlated well with & second series. To obtain a highsr degres of
confidence in the technique as well as our reported values for silver a
large purber of runs ought to be made utilizing silver as & standard
and the gtatistical reliability of the dete dsterminsd for the technijue.
With the development of the apparatus uvsed in these experiments the time
necessary to conduct each run could proosuly be reduced from over a
month to less than a week and would reduce the probability of apparatus

failure in any step which riormally terminates that run in failure.



VI, CONCLUSIONS AND RECOMMENDATIONS

The conclusions derived from the experimental and theoretical
portions of this study include the following:

1) An atomic model of the solid surfuce was developed and the

origin of surface stress explained. ©Surface siress and surface

tension are considered iz three dimensions and relsted to cach
other.

2) The state of equilibrium end of quasi=equilibrium irn solid

surfaces is developed and a relation between gradients of thermo-

dynamic quantities in surfaces is derived,

3) A new direct approach to the experimental determination of

surface tension in solids waa developed which utilizes ultra=-high

Vacuu,

L) An isothermsl liquid nitrcgen calorimeter was designed,

constructe ¥, and =iilized .n the determination of surface energies.

5) A surface energy vajue of 3500 erga/cm2 wvas obtained for

atomically clean solid silver at T7%K,

Due to the success of the preliminary experiments discussed above
and the numerous modifications in the apparatus that could improve the
accuracy of the surface energy values, it is recommended that further
developme:t of this technigue be pursued, A great deal of difficulty was
encountered in obtaining uwltra<high vacuum in the vaporization cell
assembly due to oxidation of the cell during the bake~out cycle and
subsequent formation of leaks, The maintenance of ultra~high vacuum
when the cell was immersed in the calorimetric fiuid, liquid nitrogen,
also presented difficultier. The improvements in technique vwhich are

particularly reconmended include standardization of the liquid nitrogen
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calcrimeter and perfection of surface area measursment technique. With
further perfection of the appnaratus, techniques for messuring heats of
adsorption on atomically cleasa vapor deposited films could be very eaeily

developed,
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List of Symbols

sticking probability

surface tension

rurface atomic concentration

fractional surface coverage

second derivatives of (r)

chemical potential

electrochemical potential
stoichiometric coefficient

decrease in sw'fuce energy due to adsorption
effective area of adgsorbed molecules
three dimensional s.irface stress tensor
electric potential

two-body potential energy

var.able in heats immersioc~

lattice parameter

two-bcdy potential constants

depth of body siresses

charge on kth carrier, emissivity
interfacial energles

two dimensional stresa tensor of Herring
depth of surface stresses

amperage

BET cecmstant

psessure
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uv
v(t)
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bulk stress tensor

unit vector components

radius

two and. three body interatomic distances
molecular ares

time

strain tensor

voltage

relative pressure, p/p

area

area/gm of evaporated thin films
constant in BET equations
energy

Helenboltz free energy

external forces

non-electrical external forces
Gibbs free energy

enthalpy

scalar fluxes

vector fluxes

first derivatives of ¢(r)
phenomenological coefficients
mase

number of atoms

pressure

amsnability to experimental technique

gas constant, resistances

871,



RT

UBV

entropy

temperature

energy

volume

STP voluwe of one monclayer of adsorbed gas
work, radiation erxergy

extensive thermodynamic variables, atomic positions,
concentration

evaporation rate

Brunauer, Fmmett, Teller adsorption isotherm and surface aree
measurement technique

nearest neighbor
next-nearest neighbor
room temperature
ultra-high vacuum

National Buresu of Standards



APPENDIX B
Beaiz Involved In Evaporation Of The Silver Sample

In the experimental procedure electrical power heats the tungsten
filament and silver scmple from T7.4°K to the evaporation temperature,
Tev" Heat is transferred by radiation and by vaporized silver stoms from
the filament to the walls of e surrounding celi, vhich is held in a
liquid nitrogen cryogenic fluid at T77.4°K, Pollowing the run, liquid
nitrogen temperature i_ again attsined throughout the system, If the
temperature of the vaporized silv.r atoms can be assumed equal to the
filament temperature, then the heat content of the gas between Tev and
77.4° plus the heat of sublimation will be released to the cell wall
and, ir turn, to the caloriceter. The total Leat released, AH, per mole
of condensed silver gas was calculated for various temperatures from
data given by Hultgren et al (110) using a heat of sublimastion of silver
of 68,100 cal. Then the weight of silver evaporated from ome cn2 of
surface ares per second was taken from Dushman and Lafferzy (23) and the
total heat released to the calorimeter by siliver atoms per second at
various temperatures for the weight of silver evaporated is plotied in
Figure 17.

The guantity of radiar energy received by the cell from the
filament will follow the Stefan-Boltzmenn law, W = o eATh vwhere W is

12

given in watts, o {s a constant equal to 5.67 » 10~ vatis/ca® °Kh. e is

the emissivity, A is surface area in cm?, and T is Tev’
The sum of the radiant energy and heat released from the condensing
gad per second is shown by a curve in Figure 17 which approaciies the

radiation curve at low temperatures and the Al curve at high temperatures.

Thus, high temperatures are better in that radiation loss is & smaller
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percentage of the total energy and of the energy of the newly formed
surface,

The total surface energy, YA, of the evaporated film is also
plotted in Figure 17, agein using the kncwn evaporation rate of silver
for variocus temperatures. This was accomplished by finding the nuxler of
grans evaporated from one cm2 of surface area per secona at each tempera-
ture and multiplying by 40 mz/gm to give an approximeate ares of surface
of the evaporated film., This area was then multiplied by y = 1675
ergs/cm2 at 77.4°K and converted to calories to gzive the curve shown,

The optimum temperature of operation would be the one at which the
total surface energy of the deposited film wae the highest percentage of
the total heat evolved, AH + W, This occurs at about 1600%°K, Above this
tezperature, the curves separate farther apart and, in addition, date are
not given for the evaporation rate of silver, sc the curves were not

extrapolatad past 1700°K since the trend was cbvious,
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I. INTRODUCTION

Previous research on solid adhesion and its mechanismi: has provided
a great deal of data and insight intc the mechanism of this phenomena.
Indenter-plate contact, twist~compression bonding, aand roll bonding have
been the majcr experimental techniques of study; permitting the corre-
lation of sdhesion tendencies with various physical, mechanical, and
chemical properties of the materials under consideration. Several authors
have suggested that adhesion between mstals will not occur unless com-
bined normal and tangential stresses are appiied to the surfaces in
contact,

An atomistic approach to the problem, however, s.ggesta a
mechanism for metallic adhesion in which the spplication of either ncrmal
or tangeniial forces ies unnecessary provided the surfaces are atomically
c..ean vhen they are brought into contact,

An analy%ical balsnce for measuring adhesion forces batween clean
surfaces in ultra~high vscuum wes desigred, wmatructed and vested.
Several alterstions in design of the equipment have been nade following

preliminary experiments.
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II. THEORY uF METALLIC ADHESION

Metallic adhesion, or the cold welding of metal surfaces wher they
are brought into conuact, can be considered (1,2,3) tu arise from both
mechanical and chemicil processes, The mechanical process invoives the
interlocking of surface irregularities, intrusion or extrusion of cne
phase into or aroundé the other. This »rocess is a function of the me-
chanical properties of each of the phases and not their inherent chemical
or electrical properties, The latter processes, which are of particular
interest in this study, are & functinn of the surface chemistry of the
phases and their relation to one another. In & hypothetically ideal
situation, atomically clean and planer surfaces of the same material
could achieve bonding (autohesion) without the application of an exterior
mechanical force (26). I1f the two surfaces meet in crystallographic
coincidence, the resulting adhesion energy should be equivalent to twice
the surface energy (2y) (28). The presence of crystallographic mis=
orientation or of surtface impurities in such an ideal contact, however,
would tend to reduce the adhesicn energy with an sccompanying excess
energy at the ince:iface which is often called an "interfacial energy”.

Dissimilar metal couples, while displaying analogous phenomena in
varying intensities, also display chemical reactions of one surface with
the otner, diffusion of ome into the other, and electrical quasi-equi-
libriur phenomena at the .nterface; As a consequence, a simple interpre~
tation of interfacial tehavior during adhesion presents a most difficult
problem.

Before considering the more specific detaile of adhasion or auto-
hecion vetween metal couples as presented by several authors, two factors

ought to be presented which seem to be constant throughout all of the
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investigations, i.e. the interruption of echesjiocan by surface
izpurities; and secondly, the high interfacial strengths observed in
metal-metal adhesion as opposed to thiose honding strengths of oxide-
oxide or metule~oxide gystems. Simce only soiid siate adnesion is under
consideration, the iwo factors sre often invoived simultaneocusly. For
example, adhesion of one metal with another under impure conditions (low
vacuum or atmospheric) reguires relatively high, normal or tangential
forces to insur> a stable weld,

The underlyinug chemical priaciples which seem to fit the szxperi-
mental observaticns arise from thiv ability of the fres metsal atonm in &
crystal to retain a high percentsge of ite original stomic cond utrength
even vhile wadergeoing a considerable amount of mechanical strain, i.e.
the placeasnt of atoms away from their agui'ibrium lattice positions.
Covalent solids, on the other hand, though capatle of & degree of me«
chanjcal strain, are fsr more apt to cleave tader such a sticin than
metallic materials which suggests thay atomic displacement of covelently
bound materials will promote bond fraciure rather than the absorption of
strain, An extension of this view into the sdnesion process suggists
that covalent or ionic¢ solids require rather exact positioning of
nearest neighbor atcms at the interface vefore stroug atomic bonds can
bs formed, wherzas metals will accept a more liberal positivuing of treir
nearest neighboxrs. The former iz characterized by the inalility of
covalent solids, e.g. diamond, graphite; silicom, etc., to form stable
powder compacts when subjected to triqustting tests below the diffusiomal
temperature range. Deg&ssed nickel powder, ua the other hand, #ill
adhere under its own weight below L00°C,

The presenc. of van der Waals forceas during any surface to surface
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contact procedurz is expected to coniribute s well &5 the metallis snd
valence forces, The maznitudes of van der Waals attractive fcrcoos
beiveen golid plates of zome oxides have been messured (3] but very
iittle data is aveilable for these forces ia r tal«oxide or metal-metsl
(29) systems.

As a consequerce, the interference of surface contamisation, in-
cluding adsorbed gases, in s metaliic adhesion experiment wcould behave as
an unkacwn, uncoatrollable variskle ijuterrupting the metal-metal comtact
via metal-oxide and oxide-oxide !“nctures. Decauge the ares of each
type of contact and its corresponding boncd strengtn is unkaowm, an
accurate analysis of the interfece would be impossible, One epproash to
the geparation of these varisbics was presented by Spelvims et al (2) in
vhich the metellic samples werz cleaned of their oxide coztings and of
treir adsorbed gases by argon ion brabardment and electron bombard .eat
trectments in ultra-high vacvum {UHV) before each test w-s made. They
presumed the surfices to pe ideslly clesn, i.e. al lecet 90% of the atoms

in cnptact were metallic, Tioe results of ‘hese experiments ars shovn in

Tabie I in vhizch sihesion cccurred between nlscibls zmstal pairs amd oc
adhesion between immiscible pairs (3).
TABLE I
Adizesion Ho Adhesion
(Observed Observed
Iron-Aluminum Copper-Mo’™ sfbdenum
wopper~-Silver Silver~lolybdenun
Nickel-Copper Silver-Ircn

liickel~: >lybdenum Silver-Nickel
In en analysis ¢f thesc cata they suggested that adhesion was
cbyerved if the two metels produced a negative heat of mixing, i.e. they

formed a 50lid solution or intermetallic phase., I1If, however, the metals
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displayed & positive heat of sclution, no adhesicn ‘a3 cbacrvvd, The
latter critericn is normally indicated by a complete .mmiscidility gap in
the equilibrium phase diagram at the temperature of teating, Sumphaais
ought to be made of the fact that efter an adhesion Junction is formed,
and for that matter even after diffusicn has been sllousd to take place,
thermodynemic equilibrium cannot be achieved at tne interface until the
diffusion fluxes, both mass and electronic, have equilibrated. For
example, after contact & junction potential cught to De present vwith its
sssociated thermoelectric properties (25, 27), U .der conditicms of
incrzased temperature (> 0,75 Tm where Tm i the melting temperature) the
chemically isolated interface will begin to diffuse ov. -~ a distance
perpendicular to the interface and exhibit pkenomens related to the
Kirkendall effect {32,33,34), e.g. poroeii, (32,34), Matano interface (33),
and possible compound formation (21) depending on the system in questiom.

Since the examinstion of some of these phencmena and their corre-
lation wit! an atcaistic mechaniss of ad:esiom is the purpose of tais
investigation, a review of severai related studies dealing with the me-
chanical sspects oI tne auhesion junction and its formation seem perti-
nent., Accordizg to Bowden et al (k,5,24), two factors prevent the
occurrence of adhesion under atmospheric or low vacuwa conditions. As
previcusly discussad, the interference of surface cxides or adsorved
guses will prevent meval-metal contact unless a tangential stress of
sutficiant magnitude is applied to cause disruption of these protective
impurities. The se-ond factor suggests that a reduction in adhesiwn
results from the release of elastic stresses at the inverface when the

mal compressive ioad is removed. For example, slastic stiresses

produced upon removal - the compressive load during adhesion sre

i B BN |
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minimal in ductile metals with low eiastic limits such as indium (24) ang,
therefore, 4o not significantly hinder adhesion, Mcst other metals qo
no% adhere 8s readily ag indium since they are leas ductile, have higher
elzatic limits, and their surfaces oxidize or become contaminsied in air
more rapidly. An apparatus (24) was coustructe2 [or tae investigation of

e influence of suarface contamination, ductility, tempersture,  and com.
tined tsngential and normal stresses <o adnesion. Specimenz were heailed
in vaguum (10°6 mm Hg) tc a temperature nesr their evaporation point,
cooled to room temperature, and pressed together with a normal force,
Acdhesion was rbgerved although the bond strengths in tension were not
very reprcducihle. An incresase in adhesion - - obgserved, however, when a
teangential prestressing force wss applied to the specimea wnich did not
cause macroscopic sliding of the specimens across one another. The ad-
hesion was roughly propcrtional to the prestressing force and is
explained by the increased cleanlinsss of the surfacee and the growth of
the contact juncitions under combined stresses (18). The authors
developed and diacussed an equation based on plasticity theory (5) which
related the tangential force coefficient (u) to the adhesion coefficient

(o) end included the effect o»f elastic recovery upon release of the

applied normal compressive load:

vhere 2 and o, are constants, The tangential rorce coefficient is
related to the experimental parameters through: S = u %'. where: S is the
tangential stress, A is the area of contact, and W is the normal load.

The adhesion coefficient was defined es the ratio of the adhesion force



Ts
to the Joining load. In order to study the effect of ductility on ade
hesion, experiments were performed wherein the time for applying a load
was equal to the time to rupture the adthesive bonds. When performed in
the annealing temperature range of the sp=acimens, the constaat 0
evaiuated graphically, was grestgr than at room temperature as a resul¢
of the incresased ductility of bonded regicns at elevated
It vas suggestcd that anneeling may also improve the bond strength vy re-
mcving some of the structursl imperfecticns and promoting diffusion withe
in the interfacial region.

Several major protlens appear to still remain unanswered in a
consideration of Bowden‘s investigations, The first and provably most
crucial ie the behavior of contaminating films at the interface prior to
adhesion., A number of investigators (35,38) have shown that the possi-
bility of preparing an atomically clean metal surface by thermal
evaporation or cycling technigues is very small. For example,

Farnsworth (38) held silver at red hest in a pressure of 10"8 Torr for
over 2000 hours and was still sble to report the presence of a sorbed
layer, capable of interference with the work function experizents.
Therefore, the questions at haand are:is this sorbed layer, waich no
doubt lowers the surface energy (28), capable of hindering adhesion
processes and secondly, are tangential stresses necessary to disturd
this interfering layer in order to permit metulometal contact? Closely
related to these questions and forming another unanswered problem is the
proposed necessity for = normal force in order t¢ produce an adhaesion
Junction. According to Debye (26), two surfaces do have an attrrctive
force for each other vhen they are separated by & few hundred angstroms

of vacuum space and should possass a bund strengtn without the aid of an



applied normal force. The dispersion forces involved in ‘he surface
contact of oxides (26) is quite small and certainly uot the emtire bond
strength developed in an adhesion weld; however, such forces do provide
a mechanism for intimste contact of metallic atoms if no foreign atom
interference is present. In experiments involving real surfaces, which
are not entirely clean, the normsl force may be necessary for enlarging
the contact area through plastic deformation of surface asperities such
that immediate macro-adhesion forces can be observed by an experimenter.
The presence of such normal forces may not, hovaver, be necessary irn the
development of an adhesion mechanism,

A great deal of valusble data regarding the behavior of one metal
in contact with anothLer has been generated by Anderson and Sikorski et al
(6-11,16) and Milner et al {19-23) in which the contact junctions vere
formed betveen metals by the "brute force" apyproach to adhesion. Their
technique generally utilized an extreme normal force accompanied by
transverse forces of a magnitude great enough to expand the ccantact
such thal extended melal-to-metal

interface unde

"
14

4
(9]

eric conditicis
contact was eventually obtained, Residual oxide and sorbed gsses were
reduce: by mechanical filing or bruehking in air prior to forcing the
su~faces together., Tne twisi-compression bondirz techniques developed by
~nderson (6,7) and extended by Sikcrski (9-11) involve the placement of
a 1/4" rod of material in compresnion with a 1/4" 0.,D, - 1/8" I.D. tube
of the same material and rotating one specimen 180° while holding the
other rigidly. A coefficient «f adhesion vas defined as the ratio of the
adhesion force tc the force used tn make the junction, The large degree

of scatter in the dats rvecessitsied statistical analysis cf the results

for each sample pair. The median coefficient was found to be x2producibie.
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The autnors related the median coefficient of adhesion tc surface
contamination, crystal structure, work hardening coefficient, specimen
purity, hardness, e¢lastic modulus, melting point, recrystallization
temperature, atomic radius, and surface 2nergy. Tnese Tactors except for
the latter two are ccoasidered to be mechanical rsther than physiochemical
and. therefore. reprevent infiusnces on the ahility fo plsce clean
metellic surfaces in contact. The effect of aurface contamination is
essentially the same as that precented by Bowden (5) in that i+ preveuts
metal-to-metal contact and may be largely overcome by the application of
tangentinl stresses. The rost noticeable influsnce of crystal structure
wvas the low coefficients of adhesion cobserved for hexagonal close~packed
metals as compared to cubic structures as shown in Figure (1). These
results are probably due to differencos in plastic 3eformation behavior
a8 & result of divergent dislocation meche=nisms. While body-centered
cubic crystals may slip or glide on seversl pianes ({110}, {112}, and
{122}) and face-centered cubic oca four sets of {111} octahedral planes,
the hexagonal close-packed struciures glide predominately cn the dbasal
{0001} pisnes so their deformation is comparatively restricted, whereby
removal of s ~face contamination and attainstility of surface corformity
are correspondingly hindered, The work hardening coefficleat, wafined as
the slope of the true stress versus true sirain curve and svaluated by
teusile testing, is intimately related to structure (12). The HCP
uetals, with only one easy giide system do not work harden readily and
have a low work hardening coefficient compared to the cubic netals. Work
hardening durirg plastic flow alsoc strengthened the contact junciizan
once they had forued., Decreased sample purity ¢ creased adhesion by

interfering with disioccation motion, thevedby resisting zlustic
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deformation at the interiace, It was skown that the median coefficieat
of adhesion decreassed as the specimen hardness increased, the harduness
being measured on the sauple races after the Jupction was broken, Tha
effect of a large elastic modulus was to inhihit plastic Jdeforme.icu and
thus lovwer the adhesion coefficient, Large values of the median co~
efficient of adhesion were cssociated with large atomic volumes, which
vas ascribed to decreased cohesive Torces between larger ztoms (13). The
melting point of a metal, alsc a measure of cohesive forces, {13) vas
relatively lower for greater median adhesion coefficients, The recrystal=-
lization temperature, at which grair growth occurs and strengt: and in-
ternal stress decrcises (14) was a measure of the resistance to adhesiom.
A low recrystallization temperaturs implies thsat asperity Junctions would
be ductile asud able to withstand elastic recovery effects at the inter-
face when the normal load was removed. The mechanical aspect of surface
energy dictated that high surface energies, corresponding to high hard-
nessss; resuited in lov median coefticients of adhesion. The physic-
chemical sspect of surface energy was considered in an ideal experiment
vhere the specimens of a single metal were atomically clean snd planer
and were brought into comtact in ultra=-high vacuum., The adhesive for:ie
vags a function of the surface enecrgy and metal couples with high surface
energies would exhibit greater eihzsion than those with low aurface
energies. High surface ensrgy impl 'es high heidnees so that the com-
peting factors (surface energy and hardzess) tead to complicate the
picture. When dissimiiar metsl couples contact ome another, interfaciel
energy plays a rola. Solid-solubility, considered a general trend
setting factor by Keller and Spalvins {1-3) and others, is supported by

Oikorski and Couritney-Pratt (10) who report that atomic asize factors and
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crystsl structures of rare earth metals suit them well for uses requiring
low adhesion. Hume-Rothery (14) illustrated the correlation between size
factor {percentage difference in atomic diameters), crystal structure,
and extent of solid solution,

Milner et 2l (19-23) have investigated the processes of adhesion
through a roll bonding technique in which two actals vere holted to-
gether and compressively rolled to same preadaiermined degree of
deformation, In effect the rolling process serves to expand the intex-
face in the absence of contaminant gases to a degree in which metsl-
metal atome are brought into contact., In a discussion of the
mechanism (23) of roll bonding the effect of the variables of surface
preparation, surface contamination, roll pressure, time and temperature
vere considered.

Experimentally, 4" x L" metal composites were passed through
compressive rolls and regions oi the bonded couple were tested in
tensile shear after the amcunt of deformation had been calculsted. The
effect of adsorbed contaminants was cvaluated by applying various
surface preparations and measuring the shear strength of the composites
as a functicn of percent deformation., Tke preparations included
machining, scratch-brushing followed by degreasing, degreasing follcwed
by scratch-brushing, and electropolishing the surfeces. In one case
aluminum specimens were preheeted to 500°C and cooled in a desiccator to
prevent readsorption of impurities, wvhile in the other this _reliminary
step was omitted. The resvlts indicated that, for unheated samples, de-
greaeing followed by scratch-brushing was surerior; the shear strength
for a given deformation vas greater than for the other preparations. The

mininum deformation required to produce a meusurable bond strength

. P ' I
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(40% for aluminum) wes lover. The heated specimens. slectropolished or
machined, disg » . -~her bcud stremgths than those not preheated dw
not as bugl & serutens ad composites, The aithors atiribute the
effect ~i nevv. g en. ohling in a desiceator to the removal of adsorbed

3 Hg)

conteminants. Baking-out the specimens in air or vacuumm (5 x 107
to as high ar 600°C indicated that the bake-out atmosphere (air or
vacuum) had iittle influance on bond strength at a constant 60% defore
mation, although the higher temperatures produced greater dbond strengths.
Bake-out at 600°C and 60% deformation produced a bond shsar strength
(k.5 tons/sqg.in,) less than that of similarly prepared but scratch-
brushed sluminum specimens (6 tons/sq.in.), implying factors other than
contamination play an important role. Sauples of anodized aluminum
(thick oxide layer) would not bdond ever with 80% deformstion, If, how=
ever, iiese were baked at 500°C and cooled in a desiccator, they in-
dicated s good Tond above a threshhold deformation of abcut 50%, but not
a8 good as that aclleved after scratch-brushing. Thick oxides do not
completely defcrm as one as illustrated by microscopic exaainstion while
thin oxides do after scratch brushing, and thick oxices therefore

result in a lover percentage area of metal-to-metal ~cntact and a lower
strength, Similarly it ves observed thai the other sample preparations,
without final scratch-brushing, produced thin oxide layers wvhich broke
up indevmendently and reduced the area of metallic aluminum contact,
Parallel studies of surface preparation .nd oxide formation were made
using copper to correlate with the results on aluminum., Generally the
same results wvere obteined. Eowever, with thick ciide layers, the
threshhold deformation was about 0% compared to ebout 45§ for s scratche

brushed copper couple, a o!{fereace of 15%. This same difference for



ik,

anodized versus scratch~brushed aluminum was sbout 10%. The disparity

twveen the changes in threshhold Jeformations of copper and aluminum
couples wes ascribed to irregular fracture cluaracteristics of massive
copper oxide which etfectively reduced the area of metallic copper
contant to & greater extent than for the aluminum, In the ancdized
alurminum, the thick oxide fractured into separate, rectangular blocks.
Vhen the interfacial oxides broke up as a single leyer, metallographic
isspection showed the total len~iu of the fractured oxide particles
along ihe interiace equalled the original length of the specimens. In
another study (22) the authors examined the effect of temperature. The
specimens were cleaned, scratch-brushed, and seam-welded along the
outside esdge of the composites to prevert high temperature oxidation,
Bond strength ss a function of deformation was determined for aluminum,
Armco iron, magnesium, and zinc. For aluminum, the threshhold 4defor-
mation decreased from LO% at room temperature to 5% at 600°C, Further,
at room tempersture, the oxide broke up with the hard, worked, scratch-
brushed layesr and bonding of relatively soft bulk aluminum occcurred
vherens at elevated temperatures, bonding occurred between the work
hardened surfaces resulting in higher shear sirengths. Armco irom
achieved a bond strength equal {0 the sirength of the sclid metal at
900°C and 14% deformation and ..etallographically displayed recrystalli-
zation and grain growth of the acratch-brushed region during the heating
period prior to rolling. Inexplicably low bond strengths were developed
with magnesium between 400 and 600°C. Similar results were obtained with
zinc as with magnesium and at room temperature the scratch-brushed layers
displayed brittleness in some regions and ductility in Jthers, The

authors sugsest that the weaker bonding of the hexagonal aetals,
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magnesium and zinc, is due to independeni bresk-up of the oxide layer.
This independent trac .re tendency is reliated, Ly the authors, to
relative wotion of the surtfaces duriag rolling cuused by the s*.ongly
orisntation-dependent deformation behavior of the hexagonsl metel
structures,

It is suggested that the ease of soliG welding is related to atomio
mobility, and therefore to a raduced or homclogous tempsrature (ratio of
a welding temparature to the melting temperature, T ln). For the mstals
studied, the threshhold deformation decreas=d with increasing temperature
urtil sbout ome-half of the melting point (0.5 T.) \/fhare, for the scratche
brushed cubic metals, the threshhold deformation decreased rapidly with
further increase in temperature. ™iis follows from the fact that above
0.5 Tm, ! & grained and ductile layers bonded, This bdehavior was not
se¢sn with the hexagonal metals,

In & study of pressure wealdirg of dissimilar metal: (21), Milner
at &l reviev their earlier worl and inject the metallurgical variuble
into their studies, It was fouud thai, for single metal composites,
longer times of bonding (lower roll speeds), greater oxygen molubi.ities
of the metals &t elevatcd temperatures (effectively inc-oasing the area
of metallic juncturs), -nd increased metal purity all enhzice tha weld
strength., Heat treatment after rclling generally improved the bond ale
vough with magnesium and silver, the wold was inexplicedbly des.royed by
this procedure  When dissimilar metals were roll bonded, relative move-
mpent occurred at the interfuce due to difforing hardneases ana defor.
maticn bekavior of the spacirens., This tends? to liwer the threshhold
deformation but did not affect the bond strength at aigh detommntions.

Therefore, high deformations werz used for roll bonding of dizsimiler
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ratal couples. Roll bomding of aiscidle wete's produced strong welds,
bat vith subzequent heat trcatment at elevated temperatures several’
systens (Cu-Ni, Fe-Ei) were considerably weakened by davelomment of
diffusional porosity near the interface. Immiscible cubic metal systems
bonded readily, spproaching the streagth of the weaker metal at high
deformations. A hexagonal metal in the couple (Cd-Fe) resulted in lower
strengih as experienced in autogencus bonding., Immiscible systems Cu-Fb
and Cu-Mo displayed an increste in bond stremgth vhen subjected to post-
beating. Couples forming intermetallic compounds produced divergent
behavior depending om the nature of the compound. Brittle intsr-
metallic lgyers were detrimental to the bond when thick dbut had little
influence vhan thin. If the compound was ductile, the weld was sirong,
indepandent of thickness, anc failure occurred in the weaker metal, In a
more recent psper (20) the effects of surface conteminstion om roll
bonding of aluminum couples at room teaperature were considered in
greater detail, These impuritises, principally oxide and water vspor, are
prime factors for the insbility tc weld by roll dbomding teckilques. This
is proveun, for example, by an experiment where high purity aluminum wes
baked ocut in vacuum at S00°C for 12 hours, machined in vacuum, and
passed through the rolls (within 5 seconds after machining) in & vecuum
of better than 10"‘ pu Hg, The threshhold deformstion was 105 compared
to 40% ir earlier axperiments in the atmosphere after scratch-brushing.
It is believed that the threshhold deformation is required in ordar to
disrupt surface contaminants and allow metallic comtact. Aliso nimntcd
is the possivility of reaction bonding of aluminum and oxygen (of the
vateZ molecules) at the interface with the hydrcgen entering iato
solution in solid aluminum. Milner and Rowe (19) have published an
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e#xcellent review on the state of the art of solid phass welding with 118
referencas,

Although the data cited above does provide excellent information
on the dbehavior of metal-metsl contacts under thez camditions of large
normal or transverse Jlosds which is invaluasdle for further correlatiomn to
vear and friection phenomena, the data does not lend itsalf to & clear
interpretation which will be ultimately necessary for the developwent of
8 mechanisx of sihesion, The existence c¢f wacontrovllabls parapeters duse
to surface contamination and macro-mechsnical forces during the
performance of sn &xgcrimnt to determine wvhether or not some variable
is & significant Tactor in an adhesion mechenism could readily reverse
the true outcome and provide a totally erroneous interpretation, In
order to avoid these pitfalls as experiment was designed which involves
the contact of atomically clean surfacves under a xinimus of normal amd
tangential contzcet force, such that the electrical properties of such a
Junction could be messured and correlated vitvh the normalil losd., Such
informatios may provide a measuruvble quantity which could in turn be

used to ascertain interfacial changes as time snd tempersture are varied,
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III. EXPERIMENTAL

An spparatus to measure adhesion forces betwsen atomically clean
astallic surfaces with & minimum of compressive normal and tangential
force, in ultra nigh vacuum, was designed and conatructed as showm in
Figures 2.7. The analytical dalance (39,4C) used to measure the forces
of adhesion consisted of a 9/32" x 12® vyrex rod bveam (E) as shown ir
}gure 2, Affixed to one end of this beam was an alwninum attachment
(A) wvhich supported the specimen indenter (F) and a 304 stainless steel
counter weight (C). The other aluminum end fixture (G) supported an iron
solencid core (E) vhich was in turn sealed in a glass tube and hung from
a t mil, tungsten wvire, The balance beam was secured to a 304 stainless
steel knife-edge fulcrum (B) which restsd on & 1/2" semi-circular
eylinder of pyrex tube (A) to reduce the rocking friction betweei the
knife-edge (B) and the 5/8" stainless steel semi-circular cylinder
support (C) as showm in Figure 3. The axis of the stainless steel
support (C) was held in a fixad position normal to the beam axis by spot
valding to a 1-1/2" stainless steel semi~circular cylinder (D) which was
in turn secured comcentrically to the vacuum cell housing (F) by its
spring tensicn,

The heavy counterwveight{C)of Figure 2 fastened to the balance beam,
vas included such that the fulcrum could be located nearer the sample
vhile still retaining balance of the system. The fulcrum was positioned
80 that the sample end of the balance beam was only slightly heavier than
the end supporting the solenoid core, This placement accomplished
several objectives, Force multiplication through the solenoid-cérc
megnetic coupling was improved, lateral movement of the sample due to

similar motion of the core in the magnetic field was reduced, and the
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stability of the besm assenbly was enhanced. The grester msss somevhat
reduced the sensitivity of the bdalance.

In ivs operation, the vertical force and motion of the indenter
specimen in'the balance sssembly wss controllsd by magnetic coupling of a
core within the system and an external solenoid. The solencid was cone
gstructed of & 3/4" (,D. x 4" thia walled brass tube wound with #2k
Formvar coated copper wire to & total resistance of 5.206 ohrs. The
simple electrical circuit comsisted of a 6 volt D.C. storage battery,
svitch, Model A ten turn-ten ohm precision Helipot potentiometer, and the
solencid connected in series. The Helipot was affixed with a turms-
counting duo=-dial vhich registered from 1 to 1000 as the circuit
resistance vas varied. Initially, the position of the solemoid nlutin'
to the core wvas adjusted such that the balance beam was horizontal snd
the indenter specimen vertical, The only physical contact of the
balsnce beam assembly and the other spparatus at this stege was clong the
knife-edge of the fulcrum, Since the purpose of the balance was to
measure contact Jorce, the balance was calidbrated by suspending vires of
kuown mass fron{thn indenter specimen snd recording the cerresponding
circu’t resistance required to return the balance beam to the initial
balance position. A typical calibration curve is shown in Figure &,
After the specimens were dbrought into touch contact (as descrived in
detedil below) the Helipot resistance vas slovly decreased from 10 chms
until the adhesion bonds were broken, the resitance valus recordsd, and
the spplied force read from the calidration curve.

The specimen plate (G), :“om in Figure 5, wves attached to su
sluninum cylindrical platform (C) which was ccunected to the mamel
bellows vertical moticn sssexvly (A) by a pyrex rod (B). In sn esrlier
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experiment, the specimen holder consisted of a pyrex cup ratier than a
vletform beceuse the sample wae indivm (low-melting point) instead of

nickel, Electrical contact to the ocutside of the vacuwz cell was made dy

' silver soldering a 30 mil OFHC copper wire to the nicksi plate sample (G)

R R T ..

>

and to the nickel wire of an electrical through seal.

A frame (F) was attached %o the upper threaded tube (D) in the
bellows unit and a tension nut (H) was screwed onto the threaded rod (E)
vbhich held the bellows in cumpression, Loosening the nut raised the
specimen by allowing expansion of the bellows to its equilibrium length.,
If ihe specimen had to be moved closer to the indenter, a 1" micrometer
head could be fastened into the frame by a set screw and extended to
expand the bellows vertically. The to® ~ ..stance over which the
specimen could be mcved waa sbout 3/4",

The vacuum purpiang system as shown schematically in Figure &6 cone
sisted of a Welsh Duo Seal mechanical pump (A), a two stage CVC oil
diffusion pump (B) with a liquid nitrogen trap (T1)° and a three stage
Kontes (Model No, K-92475) mercury diffusioa pump (C) which also hed a
built~in liquid nitrogen ti-p (TB)., The pressure Letween the diffusion
pumps was measured with & CVC (GPH-100A) discharge gauge (D), capable of

measuring to 1 x 1077

Torr and separated from the mercury diffusion pump
by & linuid nitrogen trap (Tz), Bakeable liquid nitrogen traps ('234 and
’1'5). 2" 0.D, by 11" long, led to a standard ball and socket ground glass
valve (H) enlarged in Figure 7, wvhich could be opened or closed by
coupling %o a magnetic rod iA) sealc. in a glass tube which in Lurn vas
atiached to the upper portion of the valve. The valve was held in an
open position by a second magnetic bar (B), also sealed in pyrex sand

resting in a horizental side amm,
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During an expsrimental run, the system was svacuated with the
machanical pump for a few minutes after which time the oil diffusion pump
vas turned on vhen the pressure vas reduced to below 1 x 10~ Torr.,

The mercury diffusion pump vas then slowly heated to its cpersting
temperature vaich usually required several hours, At this poin?t the dis-
charge gauge (D) pressure vas below 1 x 10'6 Torr and the pressure near
lus glass valva ar measured by a hot cathode Bayard-Alpsrt type gauge (E)
(ERC 553-P and T53), vas usually delcw 1 x 10”2 Torr, For outgassing ths
couponents of the spparatus, as showan in Figure 6, an 18" x 18" x 24"
furnace (J) was constructed of ground glace insulatiom material held in
an aluminum frame a&nd covered intsraslly wici & triple layer of aluminum
foil. Heating vas accomplished by tea 230 voit, 500 wati Chromalox
st%ip heaters comnected in parallel to a 220 volt line through a 230 volt
Variac (Type W50HEM) eutotrensformer. The systsm, vith sll of the vecuwm
puaps in full operation, wes then baked out for at least 10 hours at
k50°C, After the furnace vas turned off snd removed, dewars were filled
with liquid nitrogen and placed ercund traps (T,) and then (Ts) vhils the
gless was still varm. The type C Granville-Phillips valve (F), also
taked ocut, was then closed,

Tank argon was admitted to a 500 ml. gettering flask (G) following
the svaporation of pure barium from Barex getters (King Laborstories,
Syracuse, l.!.)\. Gettering of the argon for several Lours over barium
removed active gases, water, and other active impurities by chemical re-
action and sorption. When the csll pressure was at least 1 x 10"'8 Torr,
and the glass valve (H) was closed, the pure argon was adaitted
Sentinuously through the Granvills-Phillips valve (F) to a comstant

system pressure of about 8 x 10'5 Torr. The specimens wers then trgem
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ion bombarded &t 3 KV and less than 5) ma., with an Allen Jones rectified
D.C. power supply by attaching the negative lead to the specimen ard the
positive lead to a magnetically movable shielding plate (M), placed
between the specimens in order to prevent surface contamination of one
specimen while the other was being bombarded., This cleaning process wes
contizued until each specimen had a brilliant appearance. Visual
obsea:'vation of the specimens was impaired by metal atoms vhich condensed
on the pyrex cell wall, Folloving bombardment, the Granvilie-Phillips
valve vas closed and the system re-evacuated to “elow 1 x 1()'8 Torr. An
AC potential was then supplied to s tungsten - 3% rheniwn coiled filament
(L) and the specimens vere stripped of adsorbed argon ions by electrom
bombardment, When both samples had cocled snd the pressure returned to
1 x 10~ Torr or lower, the indenter and plete were brought into nearly
forceless contact with the balance beam visually horizontal snd the plate -
raised with the vertical motion assembly, The current wss slowly raised
in the solenoid umtil contact was broken, PFollowing each rumn, visual and
metallographic inspection was made of the indenter and plate and the

balance was re-calibrated.



IV. DISCUSSION

The first experiment, using an electropolished aluminum hemi-
/sph:rical indenter and a pyrex cup of indium, falled for two ressons.
During the bake-cut cycle, in which a temperature of L60°C vas achieved,
a leak daveloped after approximately 15 hours in a welded portion of the
bellows unit. The bellows was successfully repaired by silver soldering.
Secondly, after the furnace had been turned ofl, the indenter vas found
to bs gressly deformed, having an enlarged appearaace, Subssquent
sectioning of the specimsn provided nc cluos tc the cause of this Gafor-
mation, In the second experiment, using a ccnicsl aluminua indsnter and
indium, several nev problems arose. It was found that the fluoride flux
used for silver solder joining of the copper wires im the vacdum cell
outgassed heavily leaving sn evaporated depoeit on the walls of the cell
which caused undus contamination in the system. It wvas dacided, there-
fore, tc silver soldsr without flux or to fusion weld with a reducing
oxygen-acetylsne flame in future work, Argon iom bombardment cleaning
of the aluminum was rather umsuccessful and ion bombardwment cf the
indium could not be completed due to maiting of the 10 mil OFHC copper
wire electricel lead, 30 mil wire was installed following in the rum.,
The long, semi-circular shaped, coiled tungsten-3% rhenium electron
bombardment rilament sagged when hested and crackecd the cell wvall, Ime
provement was made Dy incorporating a shorter colled fiisment,

The second experiment did show, however, that the glass valve
arrangement could be operated successfully at system pressuras below
8 x 10° Torr. Por the present experiment, & copper (99.999%) indenter
and s nickel (99,97%) plate are being studied. The copper was electroe
polished and the nickel polished on M/0 paper just priar to their
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installation into the vacuum cell. usoth metals have been shown to be
easier to clean than aluminum by argou ion bombardment. Alsc the niclel-
copper phase diagram displays complete solid solubility (36) and should
sdhere on the basis of a solid state miscibility criterion. The related
concept of atomic size factor (13) is favorable to adhesion in this
situatice (about 3%). The applicability of this factor was mentioned
before in considerstion of the research by Keller (1,2,3) and Sikorski
and Courtney-Pratt (10) and is supported additiorally by Johnson (37).

In the current experiment, a mixture of dry ice and methannl is
used to cool methanol which in turn is circulated through the water
cooling chambers of the mercury diffusion pump instead of cold water,
Tasman (41) has shown that through this procedure the efficiency of the
diffusion puxp is increased significantly and the ultimate pressure
ca&pability of the pumping system is improved.

A description of the comstruction of the balance bean assenbly vas
presented earlier; however, a discussion of this portion of the apparatus
is in order. It wvas found that vhen a megnetic field was applied to the
solenoid core, the core, as well as being pulled vertically downward,
was drawn laterally againgt the tubular glass cell wall, Consequently,
vertical motion of the indenter specimen was impeded amnd tangential
forces would also be applied to the specimens in contact., After ssversl
trials of various megnetic coupling arrangements and geomstries wers
tested vithout satisfactory results, the original design of the solenoid
and core components was selected with the inclusion of the counterweight.
This design reduced lateral motion to negligible amounts and improved the

balance performance as mentioned earlier,
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